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The worthwhile problems are the ones you can really solve or help solve, the ones you can 
really contribute something to. (Richard Feynman, 1966). 
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Abstract 
 
The development of a Microsoft® Excel® spreadsheet is described, for the accurate 
calculation of CIE (Commission Internationale de l’Eclairage) 1931 xy chromaticity 
coordinates and luminance data from visible region absorption spectra recorded in 
transmission mode. Using firmly established CIE principles, absorbance-wavelength data 
from visible spectra are taken as input, with chromaticity coordinates being generated as 
output. Colour stimulus measurement example calculation results are firstly presented for 
aqueous solutions of the dyes, Erythrosin B (red, x, y = 0.608, 0.365), Acid Green 25 (x, y 
= 0.086, 0.298) and Remaxol Brilliant Blue R (x, y = 0.153, 0.045), and then for tracking 
electrochromic in situ colour stimulus changes in the methyl viologen and di-n-heptyl 
viologen systems. The quantification of colour during each viologen dication to cation-
radical reduction process, and each reverse (oxidation) process, showed that subtle changes 
in both hue and luminance could be detected, with evidence of colour contributions from 
both the cation radical and the cation radical dimer. 
  
Ruthenium purple (RP) films on transmissive tin-doped indium oxide (ITO)/glass 
substrates have been synthesised by a novel electrochemical coagulation technique. Using 
the CIE system of colorimetry, the colour stimulus of the electrochromic RP films and the 
changes that take place on reversibly switching to the colourless form have been calculated 
from in situ visible spectra recorded under electrochemical control. For the purple state, the 
CIELAB 1976 colour space coordinates were L* = 64, a* = 27 and b* = −36, with a 
complementary wavelength (λc) calculated as 555 nm, in excellent agreement with the 
absorption maximum (λmax) of 550 nm for the intervalence charge-transfer band. 
  
A novel colour-reinforcing electrochromic device has been developed in which both the 
anode and cathode simultaneously exhibit comparable colour responses. In particular under 
colouration, the anode is Ruthenium Purple and the cathode is methyl viologen. For the 
device’s on state, the CIELAB 1976 colour space coordinates were L* = 79, a* = 15 and 
b* = −22, with a complementary wavelength (λc) calculated as 565 nm. This “two-sided” 
device provides twice the hue, saturation and change in luminance of a “one-sided” device. 
Switching time constants, τ, for the device were calculated for the colourless to coloured 
(3.346 s) and coloured to colourless (0.943 s). 
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A new theory describing the behaviour of metal hexacyanometallate films as thin-layer 
cells is proposed. Modelling of the analytical theory, in tandem with high-resolution 
voltammetry, suggests that metal hexacyanometallate films respond rapidly with respect to 
electron transfer, mass transfer of counter ions, and equilibration of charge. Nernstian 
behaviour for Prussian Blue and Ruthenium Purple was confirmed by measuring the 
displacement of I-E curves vs. concentration of the intercalating counter ion. Values for the 
intercalation/expulsion of potassium cations were calculated as 59.2/61.8 mV and 
63.6/64.3 mV for Prussian Blue and Ruthenium Purple respectively. The reaction order of 
the electrode kinetics for both processes in each material was confirmed to be first order 
with respect to the concentration of potassium counter ions. 
  
The time-varying resistance of Prussian Blue (maximum ΔR = 2.4 Ω) and Ruthenium 
Purple (maximum ΔR = 1.7 Ω) metal hexacyanometallate films has been recorded for the 
first time using cyclic resistometry. Results suggest that metal hexacyanometallates consist 
of two sub-lattices where electrons are confined to one sub-lattice or the other, depending 
on the redox state of the system. However, they may rapidly tunnel through the 
complementary sub-lattice when a voltage is applied via a superexchange mechanism. 
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Chemical abbreviations, symbols and 
constants 
 
Abbreviations 
 
bpy 2,2´bipyridine 
C/Ĉ chemical process (circumflex denotes rate determining process) 
CB conductance band 
CCC critical coagulation concentration 
CIE Commission Internationale de l'Éclairage 
CP conducting polymers 
CR contrast ratio 
D/Ď dimerization process (circumflex denotes rate determining process) 
E/Ê electrochemical process (circumflex denotes rate determining process) 
ECD electrochromic device 
ECM electrochromic material 
EDOT 3,4-ethylenedioxythiophene 
ESR electron spin resonance 
FEG-SEM field emission gun – scanning electron microscope 
ICSD inorganic crystal structure database 
ITO indium-tin oxide 
IUPAC International Union of Pure and Applied Chemistry 
IVCT intervalence charge transfer 
kDa kilo-dalton 
lbl layer-by-layer 
O oxidized species 
OTE optically transparent electrode 
PANI polyaniline 
PB Prussian Blue 
Pc phthalocyanine 
PEDOT poly(3,4-ethylenedioxythiophene) 
PEDOT-PSS poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
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PET poly(ethylene terephthalate) 
PolyAMPS poly(2-acrylamido-2-methyl-1-propanesulfonic acid) 
PTFE polytetrafluoroethylene 
R reduced species 
UV-vis ultraviolet-visible 
VB valence band 
 
Symbols 
 
A ampere; area (meters/centimeters squared, m2/cm2)  
a radius of a spherical particle (meter, m) 
C capacitance (Farad, F); concentration (moles per decimeter cubed, mol 
dm−3) 
CX capacitance of sample X (Farad, F) 
CE coloration efficiency (centimeters square per coulomb, cm2 C−1) 
CE(λ) coloration efficiency at a specific wavelength 
cm centimeter 
D diffusion coefficient (cm2 s−1) 
E potential (volts, V) 
Eg energy gap (electron volts, eV) 
Ep peak potential (volts, V) 
Epa anodic peak potential (volts, V) 
Epc cathodic peak potential (volts, V) 
eV electron volts 
F Farad 
f frequency (hertz, Hz) 
ΔGDLVO total pair potential energy (joules, J) 
ΔG1 pair potential energy for electrostatic repulsion (joules, J) 
ΔG2 pair potential energy for electrostatic attraction (joules, J) 
Hz hertz 
I current (ampere, A) 
I0 exchange current 
Ip peak current (ampere, A) 
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vii 
Ipa anodic peak current (ampere, A) 
Ipc cathodic peak current (ampere, A) 
Itotal total current (ampere, A) 
j imaginary unit 
k0 electrochemical rate constant (cm s−1) 
M molar concentration (moles per decimeter cubed, mol dm−3) 
MHz megahertz 
n principal quantum number; number of electrons 
n0i   bulk concentration (moles per decimeter cubed, mol dm−3) 
np number of electrons involved before the rate determining step 
nq number of electrons involved during the rate determining step 
nr number of electrons involved after the rate determining step 
nα total number of electrons before, and including rate determining step 
nm nanometer 
ΔOD(λ) change in optical density, at a specified wavelength 
Q charge (coulombs, C) 
Qd charge density (coulombs per centimeter squared, C cm−2) 
R reflectance; resistance (ohms, Ω) 
RO reflectance of a diffuse white card 
RX diffuse reflectance of a sample; resistance of a sample X (ohms, Ω)  
rad radian 
s seconds 
T total time duration (seconds, s); temperature (kelvin, K) 
Tb(λ) transmittance of a material in its bleached state, at a specified wavelength 
Tc(λ) transmittance of a material in its coloured state, at a specified wavelength 
t time (seconds, s) 
u Heaviside unit step function 
V voltage 
V volts 
x chromaticity coordinate; centre to centre distance between colloid 
particles (meter, m) 
Y luminance 
y chromaticity coordinate 
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Z impedance (ohms, Ω) 
z surface charge 
 
α transfer coefficient 
βb symmetry factor of the back reaction  
βf symmetry factor of the forward reaction 
Γ surface concentration (moles per centimeter squared, mol cm−2) 
Δ delta, defined as Fη/2λm 
ε molar extinction coefficient (meters squared per mole, m2mol−1) 
ε0 permittivity of free space  
εr relative permittivity of a system 
η coloration efficiency (centimeters square per coulomb, cm2 C−1); 
overpotential (volts, V) 
η(λ) coloration efficiency at a specific wavelength 
λ wavelength (nanometres, nm) 
λm reorganization energy (joules per mole, J mol−1) 
λmax wavelength of highest intensity, for a spectrum or peak (nanometres, nm) 
τ decay/RC time constant (seconds, s); response time (seconds, s); 
specified cycle life, specific to a desired application 
υ scan rate (volts per second, Vs−1) 
Ω ohm 
ω angular frequency, = 2πf, (radian, rad s−1) 
 
Constants 
 
AH Hamaker constant 
c 299,792,258 m s−1 
e unit charge of an electron, 1.6022 × 10−19 C 
F Faraday constant, 9.648539924 × 104 C mol−1 
h 6.62606896 × 10−34 J s 
k Boltzmann constant, 1.3806503 × 10−23 m2 Kg s−2 K−1 
R gas constant, 8.31447215 J K−1 mol−1 
 
Advances in electrochromic materials 
 
ix 
κ reciprocal Debye length 
π pi, 3.14159265 
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Chapter 1 – An introduction to colour and an 
overview of electrochromism 
 
The earliest example of the term electrochromism being used is the following quote by 
Platt (1961) [1]. “Theoretical considerations suggest that the absorption and emission 
spectra of certain dyes may be shifted by hundreds of Angstroms upon application of a 
strong electric field. The effect could be called electrochromism”. Over time the word has 
evolved, with the more modern interpretation including the possibility of a redox process 
coupled to the colour change. A more recent definition is “Electrochromism is a change, 
evocation, or bleaching, of colour as effected either by an electron-transfer (redox) process 
or by a sufficient electrical potential” [2]. From here after the term electrochromism is 
defined as a phenomenon displayed by materials that exhibit a change in absorbance 
whilst undergoing a redox reaction brought about via an applied electrical potential. 
 
Electrochromism is the electrical analogue of photo- and thermo- chromism; where colour 
changes are the result of a change in light intensity and heat respectively) [1,3]. Since the 
term electrochromism was first coined in 1961 (although the term electrochromicity would 
have been a better choice grammatically), electrochromic materials (ECM) and their 
applications as functional electrochromic devices (ECD) have been extensively researched 
[4-9].  
 
1.1 Introduction to the eye and colour vision 
 
The colour of an object is dictated by its physical properties e.g. the colour of a 
chromophore in an organic dye is dependent on the energy gap between the electronic 
orbital transitions involved, one example of such a transition is π → π*  [10]. However, 
when viewed, colour is also dependent on how the eye and brain perceive it. “Physics 
characterizes the light that enters the eye, but after that our sensations are the result of 
photochemical-neural processes and psychological responses” [11]. A drawing of the human 
eye, highlighting its major features is shown in Figure 1.1.  
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When we see, light enters the eye through the cornea, passing through the lens and onto the 
retina [12]. The amount of light that enters the eye depends on the size of the pupil, which is 
controlled by the iris. Light is diffracted to different areas of the retina by the lens. The 
lens shape is altered depending on if we are focusing on close or distant objects, so that the 
majority of light is sent to the macula (the area responsible for central vision) [12-14]. 
 
 
Figure 1.1 – A drawing of the human eye. 
 
The retina lines the eye’s interior and is made up of three layers: the lower layer cells 
(retinal) that contain photoreceptors (cones and rods); intermediate cells (horizontal, 
bipolar and amacrine cells) that transport information from one or more retinal cells; and 
top layer cells (parasol and ganglion cells) that computes the information collected by the 
intermediate layer and transmit it to the brain [12-13]. There are, however, complex multiple 
connections between all three layers. Interestingly, the light receptor cells are on the 
bottom of the stack, meaning that light has to first pass through the top two layers of cells 
[12,14]. Figure 1.2 shows the structure of the retina and the various connecting pathways 
between each cell. 
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Figure 1.2 – A drawing of the retina depicting its three layers and their connections. 
 
Rod cells, named for their cylindrical shape, are concentrated at the outer edges of the 
retina. They are responsible for vision at low levels of luminance, and are significantly 
more sensitive to light than cone cells. The cells are layers of planar structures spaced 
approximately 12 nm apart. These planar structures contain the protein rhodopsin (OPN2, 
visual purple), which contain the active photo-pigment retinene (Figure 1.3) [12]. It is this 
molecule that absorbs light, which is converted into electrical signals and transmitted to the 
brain [13]. 
 
 
Figure 1.3 – Chemical structure of the photoactive pigment retinene. 
 
Cone cells are much shorter than rod cells, wider and tapered. Humans have three types of 
cone cell: one that responds to light of long wavelengths; designated L for long (λmax 564 
nm); the second type responds to light of medium-wavelength, and is abbreviated M for 
medium (λmax 534 nm); and the third type of cone that responds to short-wavelengths of 
light, and is labelled S for short (λmax 440 nm). As in rod cells, the light-active pigments in 
cones are opsin proteins (light-sensitive 35-55 kDa membrane-bound G protein-coupled 
receptors of the retinylidene protein family). They are named ONP1LW, OPN1MW and 
OPN1SW and stand for long, medium and short wavelength active opsins [15]. 
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Colour vision is typically limited to within 40° of the eye’s axis. The area outside of this 
region is monochromatic and predominantly used for the detection of movement [16]. 
Within 40° of the eyes axis (which is perpendicular to the macula), the ability to see detail 
and colour increases. The point where the highest concentration of cones and rods are 
found is called the fovea (found approximately 4° from the eye’s axis). On the opposite 
side of the eye’s axis to the fovea is the blind spot (typically found 10° from the axis) [14]. 
This is where the nerve fibres pass through the eye forming the optic nerve. Both the retina 
and optic nerve are direct extensions of the brain and it is thought that the mechanism of 
sight starts in the eye [12]. 
 
There are many different proposed theories about how we perceive colour. However, the 
two most respected are: trichromatic theory (first proposed by Thomas Young [17], later 
championed by Hermann von Helmholz in his book Physiological Optics (1856-1866) and 
Robert Clerk Maxwell [18]); and opponent-colour theory (proposed by Ewald Hering in his 
book On the Theory of Sensibility to Light (1878)) [13]. 
 
Trichromatic theory portrays the eye to contain three photoactive receptors (cones), as 
mentioned before, which sense red, green and blue light separately (or long, medium and 
short wavelength light). The level of response photons of light evoke on the receptors, 
characterizes the observed colour. This theory is based on the principle that mixing three 
different coloured lights, typically red, green and blue, can produce most colours. This 
theory is commonly applied in colour televisions, computer monitors, photography and 
printing [13]. 
 
Opponent colour theory also proposes that there are three receptors. However, it suggests 
that they respond to pairs of colours i.e. red-green, yellow-blue, and white-black. Each 
receptor operates in an antagonistic manner e.g. the red-green receptor responses positively 
to red light, and negatively to green light. This means that the two colours in each receptor 
cannot be seen together, and explains why we don't experience colours such as bluish 
yellow or reddish green.  
There are many different model hypotheses of how processes in the retina produce vision. 
The most established of which is stage theory, which is shown in Figure 1.4. Stage theory 
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assumes a trichromatic response at the cone cells, but an opponent colour response within 
the brain; the brightness of a colour is measured by combining outputs from all three cones 
(for photopic vision). Vision is split into three luminance categories photopic (well lit 
conditions), mesopic (intermediate conditions), and scotopic (poorly lit conditions). 
 
 
Figure 1.4 – Schematic depicting the colour model of stage theory. 
 
So far we have summarized how colour is perceived, but not how it is formed. Colour is a 
physical property and is a result of various different physical effects. The particular part of 
a system that is responsible for all, or part of its total colour is called a chromophore. This 
term more specifically is used to describe a system containing an electron(s) that is 
responsible for a specific absorption [19]. According to Nassau there are ‘fifteen causes of 
color’. These are: incandescence; gas excitations; vibrations and rotations; transition metal 
compounds (ligand field); transition metal impurities (ligand field); organic compounds 
(molecular orbital transitions); charge transfer; metals (band theory); pure semiconductors 
(band theory); doped/activated semiconductors (band theory); colour centres (band theory); 
dispersive refraction, polarization; scattering; interference and diffraction [20]. Of these 
fifteen, electrochromism is (predominantly) concerned with only three: molecular orbital 
transitions, charge transfer, and doped/activated semiconductors (band theory). It is these 
three colour-producing mechanisms that will be discussed over the following pages. 
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1.1.1 Organic electronic transitions (π → π*) 
 
The ultra-violet and visible (UV-vis) spectra for all organic molecules are a result of 
various different electronic transitions. Simple, un-conjugated chromophores such as sigma 
bonded electrons, lone pairs, and isolated π-bonds have high-energy transitions and so 
produce short-wavelength (λ) absorptions, with a few exceptions (e.g. the n → π* 
transition of ketones that appears at approximately 300 nm, where n is a non-bonding 
orbital) [19]. Since the eye can see between 300-780 nm and such unconjugated 
chromophores are not important here (as they absorb below the visible wavelength of the 
eye), increasing the amount of conjugation in a molecule decreases the energy gap thus 
increasing the absorbing wavelength [15,21]. Simple chromophores, i.e. isolated double 
bonds and lone pairs, produce absorption maximum (λmax) around 190 nm.  
 
When the molecular orbitals of two or more double bonds are brought together 
(conjugation), the highest occupied molecular orbital (HOMO) is raised and the lowest 
unoccupied molecular orbital (LUMO) is lowered. For a pair of conjugated double bonds 
this results in a transition of the absorption maximum from 190 to 217 nm. Figure 1.5 
shows three molecular orbital diagrams and depicts how increasing the amount of 
conjugation makes the chromophore absorb light at higher wavelengths (lower energies). 
The transition for an isolated double bond is shown in Figure 1.5, ethylene. If a second 
double bond is introduced, butadiene, the molecular orbitals for both double bonds are 
added together, which reduces the energy gap between the HOMO and the LUMO. This 
trend continues with increased conjugation.  
 
Figure 1.5 shows the simplest example of the effect but it applies for any number of 
conjugated aromatic systems brought together e.g. β-carotene and indigo, which are 
intensely coloured highly conjugated organic molecules. 
The same principle applies to other types of chromophore e.g. carbonyls and double bonds. 
As a general rule: “the longer the conjugated system, the longer the wavelength of the 
absorption maximum” [19,22]. 
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Figure 1.5 – A drawing depicting simplified molecular orbital diagrams for a series of organic 
molecules with increasing conjugation. As the conjugation increases (and so the number of π 
electons) the positions of the HOMO and LUMO change. For increased conjugation, the gap  
between the HOMO and LUMO decreases and, therefore, so does the energy required to promote 
an electron between the two.  
 
Different functional groups have slightly different effects on the absorbing wavelengths 
when added to a chromophore. Species that can shift the absorbing wavelengths are called 
auxochromes. Species that move the absorbance to longer wavelengths — red shift — are 
said to be bathochromic; whereas species that move the absorbance shifts to shorter 
wavelengths — blue shift— are hypsochromic. Auxochromes can also affect the absorbing 
intensity. Where an increase in intensity is defined as hyperchromic and a decrease in 
intensity is defined as hypochromic. Thankfully bathochromic functionalities also tend to 
be hyperchromic [10]. 
 
When light is absorbed by an system within the 300-780 nm window, the reflected and/or 
transmitted light from the system has an associated colour that is a function of all the non-
absorbed wavelengths of light combined. 
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1.1.2 Charge-transfer 
 
Charge transfer can be split into several sub-categories [23]. These different colour-
producing mechanisms are reviewed over the following pages. 
 
Intervalence charge transfer (IVCT) – “The motion of an electron from one transition 
metal ion to another produced by the absorption of light energy” [23]. This results in a 
temporary change in the valence state of both metal ions involved. Charge transfer is 
related to, but should not be confused with, ligand field charge transfer. In this mechanism 
colour can be produced even if there are no unpaired electrons (d → d or f → f transitions). 
This cause of colour, however, is not discussed here. Charge transfer is sometimes also 
known as photochemical oxidation-reduction. Equation 1.1 demonstrates a charge transfer 
redox process between iron and titanium. The most common material to contain this 
charge transfer redox couple is aluminium oxide where iron and titanium are found as 
impurities in gemstones such as sapphire [24]. 
 
 
! 
FeII +  TiIV  hv" # "  FeIII +  TiIII  Equation 1.1 
 
Intervalence charge transfer is split into groups, heterogeneous and homogeneous. 
Heterogeneous charge transfer occurs when two different transition metals are involved 
e.g. impurities in aluminium oxide (Equation 1.1) [24]. Homogeneous charge transfer is 
when both metal ions involved in the charge transfer process are the same e.g. in Prussian 
Blue (PB) where two iron ions, in two different redox states, exhibit intervalence charge 
transfer. A homonuclear charge transfer process involving iron ions is shown in Equation 
1.2. 
 
 
! 
FeAIII +  FeBII hv" # "  FeAII +  FeBIII Equation 1.2 
 
This type of charge transfer can only occur if the ions are in different redox states. If the 
ions were identical, they would be degenerate and so no light energy would be required for 
electron transfer to occur. Consequently, because there would be no optical absorbance the 
material would appear colourless. This explains why Prussian Yellow (PX, Fe3+/Fe3+) is 
only very slightly coloured, and Prussian White (PW, Fe2+/Fe2+) is transparent, but 
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Prussian Blue (Fe3+/Fe2+) is an intense blue [25-27]. Charge transfer processes can only occur 
if the atoms involved are close enough for electron transfer to occur. 
 
Prussian Blue is an example of an idiochromatic intervalence charge transfer complex, 
meaning the active charge transfer species are part of the structure of the system, as 
opposed to impurities, which are named allochromatic [23]. Typically, electrochromic 
materials are the former.  
 
Among the many species to exhibit intervalence charge transfer one of the more interesting 
examples belongs to that of lapis lazuli (ultramarine blue, that’s composition is a mixture 
of many different minerals), which is a pigment that has been dated back as far as 800 BC 
[28]. Its colour comes from polysulfide units contained within the crystal lattice. These are 
generally three atoms long and have single negative charge. Each polysulfide chain has 19 
valence electrons (3s23p4 outer electrons for each atom and 1 extra electron as a result of 
the negative charge). It is transitions between the resulting overlapping molecular orbitals 
produce the deep blue colour (the luminance of the material is dictated by the amount of 
chromophores present). The hue is controlled by the extent of orbital overlap, which is 
governed by the angle between the sulfur atoms [29-30], the length of the chain or the atom 
itself e.g. replacing sulfur with selenium would produce an intense red colour [23]. It is the 
size of the counter-cation that dictates the angle of the sulphur trimer, with larger cations 
resulting in a shallower angle and a smaller degree of orbital overlap and opposite trend is 
observed when the cation size is decreased. 
 
Anion to anion – The [Fe(CN)6]3− and [Fe(CN)6]4− redox couple is an example of anion to 
anion charge transfer [31]. A solution containing both these anions exhibits a green colour 
that is associated with electronic transitions resulting from outer-sphere charge transfer 
between these ionic complexes. 
 
Ligand to metal (L → M) – Ligand to metal charge transfer is defined as: “an electronic 
transition in a metal complex that corresponds to excitation populating an electronic state 
in which considerable electron transfer from a ligand to a metal centre has occurred” [32]. 
[M(bpy)3](ClO4)3, where M = Fe3+, Ru3+ or Os3+ and bpy is 2,2´bipyridine, are examples of 
materials that exhibit ligand to metal charge transfer [33-34]. 
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Metal to ligand (M → L) – This is similar to ligand to metal charge transfer, except the 
direction of electron movement is reversed. An example of a material that exhibits metal to 
ligand charge transfer is Fe(CO)5 where the low energy π-orbitals of the CO ligands accept 
electrons from the iron metal centre. This results in a weak yellow colour (main charge 
transfer band found in the UV spectrum). It is the low energy π-orbitals in the ligands that 
dictate whether interaction with the metal’s electrons can occur. This is sometimes known 
as a ligands π-acidity [35-36]. Other examples include Ni(CO)4 and [Ru2+(bpy)3]2+ [23].  
 
Donor-acceptor (D → A) – When electron rich species can interact with electron poor 
species, it is possible for the former to donate an electron(s) to the latter. Halogen-
containing solutions are the primary example of this mechanism. For example, when 
iodine is mixed with benzene or bromine with dioxane, brown coloured solutions are 
formed [37-38]. The donor in both cases is the solvent (π-system and lone pair donors 
respectively) and the halogen molecule the acceptor [23]. The structures of both examples 
are shown in Figure 1.6 below. 
 
 
Figure 1.6 – Donor/acceptor charge transfer species. 1) Iodine and benzene 2) Bromine and 
dioxane. Where ht represents a head-tail polymerisation of the repeating unit and the asterisks/ 
dashed bonds signify where the unit would be repeated. 
 
The usual occurrence of donor/acceptor charge transfer, as seen above, involves the donor 
and acceptor species forming a chemical bond. However, although extremely rare 
donor/acceptor charge transfer can occur without any chemical bonds being formed. If 
tetraisopropyl benzene or tetracyanoethylene, both colourless crystals, are dissolved in an 
inert solvent (e.g. dichloromethane), the individual solutions are also colourless. However, 
when mixed together a violet colour is produced (Figure 1.7). This mixture can also exhibit 
thermochromism, whereby upon cooling the compounds crystallize individually, thus 
becoming colourless [23,39]. Since one of the species accepts an electron (is reduced) and 
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one donates an electron (is oxidised) it would be interesting to see if a colour could be 
induced electrochemically on the individual species.  
 
 
Figure 1.7 – An example of two non-bonding donor/acceptor species. 1) Tetraisopropyl benzene 2) 
tetracyanoethylene 
 
A further point to note about charge transfer concerns species such as graphite and 
sulfides. The black/grey colour of graphite comes from the overlapping π-bonding orbitals 
within each individual layer of graphite (similar to anion-anion charge transfer). This 
allows electrons to move freely throughout the whole carbon network and is responsible 
for graphite’s high conductance and black colour [40-41]. However, graphite’s properties are 
better explained through band theory, which also explains the electrochromic behaviour 
possessed by graphite [23,41-43]. 
 
1.1.3 Band theory 
 
Band theory explains two major phenomena in metals and semi-conductors: conductance 
and colour. The difference between metals and semi-conductors is the size of the band gap. 
A band gap is an energy range in a solid where no electron states exist; and is defined as 
the energy between the valence band and the conductance band, typically measured in 
electron volts (eV) [36]. Essentially metals have no (or a very small) band gap. Figure 1.8 
depicts the relative band gap differences for a metal, semi-conductor and an insulator. 
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Figure 1.8 – A diagram showing how the band gap differs for a metal, semi-conductor and an 
insulator, where: Eg is the energy gap (eV); CB is the conductance band; and VB the valence band.  
 
The Fermi energy shown in Figure 1.8 is a concept that derives from quantum mechanics 
(Fermi-Dirac statistics). The term is used to denote the point on the energy scale where the 
probability of energy level occupancy is 50%. The more general expression for the 
probability of an energy level’s occupancy, E, is known as the Fermi function (Equation 
1.3) [22].  
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 Equation 1.3 
 
Where f(E) is the probability of an energy state being occupied, E is the energy of a given 
energy state (J), EF is the Fermi energy (J), k is the Boltzmann constant (J K−1), and T is the 
temperature (K). 
 
To get the electron population at energy E, n(E), the Fermi function f(E) is multiplied by 
the density-of-states function g(E), giving: 
 
 
! 
n(E) = g(E) f (E) Equation 1.4 
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where g(E) is the density-of-states, and f(E) is the probability of an energy state being 
occupied. The number of electrons at energy E equals the number of states at energy E 
multiplied by the fractional occupancy of those states.  
 
It is worth noting that the Fermi energy is a fundamental property of a material. It has a 
different, constant, value for different materials. However, if a material is connected to an 
external source of potential, the Fermi energy will align with it. In this case, the Fermi 
energy is an experimental variable, the value of which can be controlled. 
 
Although band theory can explain electrochromism seen in metals [44] and other materials 
[43], the most common group of electrochromic materials in this category are conjugated 
conducting polymers such as poly(3,4-ethylenedioxythiophene), PEDOT [45-51]. Due to this, 
the majority of band theory henceforth will be explained with particular relevance to 
conducting polymers. 
 
It was in 1980 [52] when redox chemistry was first performed using what was referred to as 
“an intrinsically insulating organic polymer, polyacetylene” [42]. The process of 
oxidation/reduction performed on a conducting polymer is sometimes referred to as 
doping, due to the insertion of counter ions. The oxidation of a polymer is known as p-
doping and the reduction is known as n-doping (taken from solid state physics 
terminology, where they stand for positive-hole and negative-electron doping 
respectively). Conjugated conducting polymers are unsaturated, π-bonded systems, since it 
is relatively easy to add or remove an electron from such a system, without significantly 
affecting the σ-bonded backbone [42,53].  
  
When charges are introduced to a polymer, it can be energetically favourable for them to 
localize (perhaps initially seen as counter intuitive due to violation of electrostatic laws). 
This causes localized geometric distortions in the polymer chain [42]. Charge can be 
introduced electrochemically, or chemically, by redox reactions. The resulting localized 
distortions cause an increase in the HOMO energy, and a decrease in the LUMO energy. 
The new energy states appear in the band gap and are responsible for conduction and any 
resulting optical properties. There are two common forms of localized charge states 
polarons and bipolarons (where the latter can exist as mini-bands or individual states). 
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When a high concentration of bipolarons is present, they start to overlap and bipolaron 
bands form. The localized charge states mentioned are shown in Figure 1.9 [42,53-54]. 
 
Figure 1.9 – A drawing demonstrating three common ways of localizing charge in conducting 
polymers. This illustration demonstrates a positive polaron and bipolaron (i.e. the removal of an 
electron), where VB is the valence band and CB the conductance band. 
 
Polarons are radical ions associated with a chain distortion (sometimes referred to as 
phonons due to the interaction between the electron and the lattice as a result of 
polarization) [54]. These form from one-electron redox processes. However, if a further 
electron is removed, one of two things can happen; a second polaron will form, or the 
existing polaron will progress into a bipolaron — thermodynamics dictates which. 
Bipolarons are a pair of polarons confined to the same lattice distortion [55]. It is important 
to note that the formation of a bipolaron suggests that the energy saved by compressing the 
lattice distortion is greater than the repulsive energy between the two like charges 
(typically the case as dopant counter ions neutralize the charge [42]. Polarons will always 
have spin ½ and therefore bipolarons will always have spin 0. This is helpful when 
characterizing what states are present in a polymer of interest. Techniques such as electron 
spin resonance spectroscopy (ESR); can identify the presence of unpaired electrons 
(polarons). The localized charge states present in a polymer typically change as the 
polymer redox state is changed [42].  
 
Polaron and bipolaron formation both result in new optical transformations; from the 
valence band to both the lower and upper energy states created by the polaron/bipolaron 
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(Figure 1.9). Polarons have an additional transition, horizontally between the two-
polaronic levels. It is these transitions that allow conducting polymers to change colour as 
their redox state is changed. When these redox changes are reversible — and occasionally 
when they are not — the colour can be readily controlled and the polymer has potential 
applications as an electrochromic material [42,45,49-50,53]. Since the majority of conducting 
polymers permit reversible redox changes they are all potential electrochromic materials. It 
is their properties such as Eg, and so λmax, that determine whether their transitions are 
within the visible spectrum and of practical use for an application within an electrochromic 
device [45]. 
 
1.1.4 Molar adsorption coefficients 
 
The previous sections discuss three of the different mechanisms by which colour is 
produced. However, they do not mention how the intensities of a colour resulting from 
these different mechanism vary from one system to another. 
 
The UV-vis absorbance of any species varies proportionally with its concentration (c, mol 
dm−3). As a result of this, UV-vis spectroscopy is a commonly utilized technique for 
performing quantitative analysis (where the path length (l, cm) of the sample is also 
known). This relationship is know as the Beer-Lambet law and in shown in Equation 1.5. 
 
 
! 
A = "lc  Equation 1.5 
 
The strength of an electronic absorption is referred to as its molar absorption coefficient, ε 
(mol−1 dm3 cm−1), and is unique to the electronic transition being analyzed. The magnitude 
of the molar absorption coefficient is related to the size of the chromophore (i.e. extent of 
conjugation) and the probability that light, of a given wavelength, will be absorbed. The 
latter is dependent on the transition dipole moment (µ, C m) of the system. 
 
The transition dipole moment between an initial state, x, and a final state, y, is a vector 
quantity that arises from an interaction between the system (e.g. a molecule) and 
electromagnetic radiation. The direction of the transition dipole moment shows the 
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polarization of the transition. Only when the direction of the transition dipole moment 
vector is parallel to the electromagnetic radiation vector will a transition occur. The square 
of transition dipole moment gives the strength of the interaction due to the distribution of 
charge within the system. Species that have a high extent of overlap between two states 
will have large transition dipole moments and strong (allowed) transitions in the electronic 
spectrum, hence large molar absorption coefficients and so more intense colours are 
observed.  
 
Electromagnetic radiation may be the correct magnitude to promote an electron into an 
excited state, but the transition can only occur if it is allowed. Transitions that are not 
allowed are deemed forbidden. Whether an electronic transition is forbidden or allowed is 
governed by selection rules. Usually if Δn = ±1, where n represents the energy level, 
transitions are allowed. Typically transitions are allowed if Δn is and odd number, but has 
Δn increases the value of the transition dipole moment decreases as the states get further 
apart, meaning such transition are weaker. To summarized the selection rule, if the integral 
of the product of the two wavefunctions is non-zero, then a transition is allowed. 
 
1.1.5 Quantifying colour 
 
Colour perception is a highly subjective phenomenon that can be characterized in several 
ways. Visible light is electromagnetic radiation between 300-780 nm wavelengths [14,22,56]. 
Substances have different colours depending on which wavelengths they absorb from 
white light, which is the term used to describe the sum of all the visible wavelengths 
combined. Table 1.1 shows the wavelength ranges at which contain colours are perceived 
(the ten million possible colours are obtained by mixing light of various wavelengths and 
intensities) [22]. 
 
Table 1.1 – The ‘main’ colours of the visible spectrum and their associated wavelengths, 
frequencies and energies. 
Colour λ  / nm ν / 1014 Hz E / eV E / kJ mol-1 
Infrared > 1000 < 3.00 < 1.24 < 120 
Near infrared 850 3.53 1.46 141 
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Red 700 4.28 1.77 171 
Orange 620 4.84 2.00 193 
Yellow 580 5.17 2.14 206 
Green 530 5.66 2.34 226 
Blue 470 6.38 2.64 254 
Violet 420 7.14 2.95 285 
Near UV 200 10.0 4.15 400 
Far UV < 200 > 15.0 > 6.20 > 598 
 
 
Materials that exhibit reflective colour (diffuse reflectance) absorb specific wavelengths 
from the full spectrum of white light. Consequently the reflected light portrays the colour 
seen in a complementary manner i.e. if red light is absorbed then a blue colour is observed; 
red is the complementary colour of blue, and vice versa. In colour theory, two colours are 
complementary if: they have opposite hue values; and when mixed in the proper 
proportion, they produce a neutral colour (i.e. grey, white, or black). On artistic colour 
wheels, e.g. Figure 1.10 below, complementary colours are those placed directly opposite 
one another [56-57].  
 
Some colours are produced by a combination of different specific absorbances at different 
wavelengths. These specific absorbances can be measured using a spectrophotometer. A 
significant effort has been deployed into the development of colorimetric analysis to allow 
“a quantitative description of colour and the relative transmissivity as sensed by the human 
eye” [58].  
 
‘Colour meters’ are also available which can measure: spectral power distribution; 
luminance; chromaticity and correlated colour temperatures [59]. Research groups have 
already started working with such devices to aid the characterization of electrochromic 
materials [60-63]. 
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Figure 1.10 – A typical artistic colour wheel. Colours that appear opposite each other are 
complementary. The colours on a colour wheels can be referred to in terms of degrees around the 
circle (0-360°), where 0° is always set as red. 
 
Error! Reference source not found. shows the schematic of Minolta’s CS-100 
colorimeter [59]. Such devices can be pointed at a sample to obtain its chromaticity 
coordinates, giving definite values for colour. This allows direct numerical comparison 
between colours. This particular device takes the inputted light/colour and converts it into 
measurements that match the Commission Internationale de l’Eclairage (CIE) 2° standard 
observer 1931 [59,64]. The Minolta CS-100 colorimeter can measure the luminance, Y 
(which is measured as a percentage of the light transmitted through, or reflected off a 
object relative to that of a recognized standard that is either perfectly transmitting or 
perfectly reflecting) and chromaticity coordinates, x and y (which are recorded as 
numerical coordinates of the relevant colour space), of almost any target. From collected 
data chromaticity coordinates for different colour spaces can also be calculated [65-66]. 
Colour spaces are defined geometric areas that contain all the possible colours [66-68]. 
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1.1.6 Colorimetry and colour spaces 
 
The process of quantifying colour is complex. This is primarily because it is a highly 
subjective phenomenon. However, colour can be described by three different properties 
hue, saturation, and luminance [14,67]. Hue is the predominant wavelength of a colour (λmax). 
Words such as ‘red’ or ‘blue’ are commonly used to describe the hue of a colour. 
Saturation “is the difference of a colour against its own brightness” and is determined by a 
combination of intensity and its distribution across the wavelengths [14,67,69]. It describes the 
levels of white and/or black in a colour. Luminance measures the brightness of a colour 
(the amount of light that can pass through or is emitted from, an object at a certain defined 
angle) [67]. 
 
There have been several attempts to mathematically quantify colour, but the most well-
known and widely used systems are the CIE’s [67]. Their first colour space arose in 1931 
(after the groups eighth meeting) where the objective was to create an international set of 
parameters for comparing colours. T.L. Troland (chairman CIE, 1920-1921) defined colour 
as: “Color is the general name for all sensations arising from the activity of the retina of 
the eye and its attached nervous mechanisms, this activity being, in nearly every case the 
normal individual, a specific response to radiant energy of certain wave-lengths and 
intensities” [70].  
 
Numerical descriptions of chromatic responses for the three types of cone in the human 
eye are dubbed colour-matching functions (and derive from Wright and Guild’s paper 
based on different individuals perceptions of colour) [66,68,71-72]. These colour-matching 
functions, along with an illuminant source’s spectral power distribution and spectral 
reflectance/transmittance data of a sample — for each wavelength — will (via several 
further mathematical operations) produce chromaticity coordinates for the given colour 
space. The CIE’s 1931 2° standard observer colour space is shown in Figure 1.11 and 
Figure 1.12. 
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Figure 1.11 – Commission Internationale de l’Eclairage 2° standard observer 1931 colour space 
(locus). The white point, W, is located at the centre of the locus and has the coordinates of the light 
source alone (typically 0.33,0.33).  
 
The curved solid line in Figure 1.12 is known as the spectral locus. Most saturated colours 
lie on the locus (wavelengths of light in the visible region, and their specific colour) [64]. 
Since 1931, there have been many developments in colour theory, and many new colour 
spaces constructed. Perhaps the most significant is the CIELAB 1976 (L*a*b*) colour 
space, where a* and b* replace x and y; and L* is the luminance value. CIELAB has an 
advantage over its predecessors. CIELAB has a uniform colour space i.e. the distance 
between any given points on the chart represents equal changes in the perceived colour, 
whereas other earlier spaces do not [64]. 
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Figure 1.12 – Commission Internationale de l’Eclairage 2° standard observer 1931 colour space 
(locus). The white point is located at the centre of the locus and has the coordinates of the light 
source alone (typically 0.33,0.33). The dashed line, known as the purple line, connects the open 
ends of the locus along which all the non-spectral purples are found.  
 
The mathematical derivation, further theory and a more detailed explanation of colour 
spaces are discussed in Chapter 3 of this thesis. The use of commercially available 
colorimeters is analysed and compared to a user-friendly spreadsheet (based on Excel®) 
developed to take visible spectra as input and provide chromaticity coordinates as output. 
 
1.2 Electrochromic materials 
 
Although there are a vast number of electrochromic materials, they can be separated into 
different groups (e.g. hexacyanometallates, organic molecules etc.) or types. The three 
fundamental types of electrochromic materials were first defined in [73] and subsequently 
adopted in [2-3,74-75]: 
Type I – Materials soluble in both their oxidised and reduced forms. Methyl viologen 
(1,1′-dimethyl-4,4′-bipyridinium di-cation, MV) is an example of a type I material. Its 
structure is shown in Figure 1.13. 
 
Type II – Materials that are soluble in one redox state, but become insoluble in another, 
existing as a solid deposit on the electrode surface. Heptyl viologen (1,1′-diheptyl-4,4′-
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bipyridinium di-cation, HV) in an aqueous solution behaves in this manner. HV is soluble 
as a di-cation salt, HV2+ 2X−, but forms a deposit when reduced to the radical-cation salt, 
HV•+ X−. The structure of HV is shown in Figure 1.13. 
 
Type III – Solid films or surface bound materials that remain bound whilst their redox 
state is changed. Examples of such materials include inorganic species (e.g. Prussian Blue, 
PB) and conducting polymers (e.g. polyaniline, PANI). Such systems are commonly 
investigated as thin films or deposits on the electrode’s surface. The structure of PANI, in 
its neutral state, is shown in Figure 1.13. 
 
 
Figure 1.13 – 1) Methyl viologen, type I electrochromic material. 2) n-Heptyl viologen, type II 
electrochromic material. 3) Polyaniline, type III electrochromic material. Where X− is an appropriate 
counter ion, ht represents a head-tail polymerisation of the repeating unit and the asterisks/ dashed 
bonds signify where the unit would be repeated. 
 
When categorizing electrochromic materials into the aforementioned groups it is important 
to define the solvent/electrolyte solution. The solubility of a material depends on many 
aspects of its structure (size, polarity etc.) and the solvent used. To demonstrate the 
importance of identifying solvent used with an electrochromic material, iron(III) 
hexacyanoferrate(II) (Prussian Blue) will be used as an example here. Prussian Blue is a 
recognised type III material due to its extremely slow solubility in water [2]. However, the 
solubility of Prussian Blue changes at different redox states. Fe2+/Fe2+ and Fe2+/Fe3+ 
(Prussian White and Blue respectively) are insoluble in water. However, Fe3+/Fe3+
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slightly more soluble, which is the cause of film degradation, via dissolution [76]. This 
observation perhaps indicates that a more general definition, or a fourth type of 
electrochromic material is required. 
 
Electrochromic materials can be separated into different types based primarily on their 
solubility. This is useful when considering feasible applications for materials. However, 
electrochromic materials can also be categorized by their chemistry. Here the main groups 
are identified with examples of electrochromic materials, their properties and synthesis 
discussed. 
 
1.2.1 Organic electrochromic materials 
 
There are a vast amount of organic materials available, commercially, and also many that 
can be synthesized in-house with relative efficiency. Many of these materials are redox 
active and also exhibit their own, unique electronic absorption spectra [7]. Organic 
compounds that exhibit electronic transitions within the visible wavelength region are 
candidates for electrochromic materials. Due to the huge variety of organic compounds 
they have been sectioned into groups based on their core structures and functionality. 
 
1.2.1.1 The viologens 
 
Viologens are synthesised by diquaternizing the nitrogen atoms on 4,4′-bipyridine to create 
the 1,1′-disubstituent-4,4′-bipyridinium salt, or 1-substituent-1′-substituent-4,4′-
bipyridinium salt (if the quaternizing groups differ). Figure 1.14 shows the general 
structure of a viologen di-cation. 
 
 
Figure 1.14 – Generalised structure of a viologen (where R can be any substituent group). 
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Bipyridinium salts are extensively researched across many sections of chemistry and other 
physical sciences, not least for their use in electrochromic devices [75,77]. The popularity is 
due to their ability to be reduced in two distinctive, one-electron steps. This mechanism is 
shown in Figure 1.15 [78-79]. Some other applications for viologen species include: catalysts 
for the production of hydrogen from water; electron mediators; thin-film mediators; 
phytotoxins and redox indicators [75]. 
 
The di-cation viologen is the most stable of the three-redox states and is colourless except 
when subject to optical charge transfer with its counter ion (e.g. solid methyl viologen 
dibromide is yellow with the dissolved species being colourless). Different counter ions 
can produce different colours. The viologen di-cation can be reduced to the radical-cation, 
which is stable because the radical’s charge can be delocalised across the π–bonding 
orbitals of the pyridine rings, unlike most radicals in nature. The substituents can also 
become involved in bearing some of this charge [7]. A further one-electron reduction 
produces the third species in Figure 1.15 that is sometimes referred to as a di-hydro 
viologen [80] or bi-radical viologen, but also simply as an amine [75]. When only partially 
reduced, some viologens (known as radical-cations) will spin pair to create diamagnetic 
dimers (these weak magnetic repulsions only occur in the presence of an external magnetic 
field) [80]. These dimers have different spectral properties to the equivalent monomer. For 
example the methyl viologen radical-cation is blue, whilst the dimer is red (in water) [81]. 
UV-vis spectroscopy can be used to identify the presence of both monomer and dimer. 
Typically, equilibrium is reached where both species are present and a purple colour is 
observed. It is harder to re-oxidise the dimer than the monomer [7,81]. 
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Figure 1.15 – The three possible viologen redox states, where e− is an electron, X− is a counter ion 
and R1/R2 represent any viable sidechain. Species 2) has twenty-four resonance structures, of 
which only one is shown here.  
 
The colour of the viologen species is a function of the nitrogen atom’s substituent groups. 
For example the n-heptyl viologen radical-cation forms a pink-purple deposit, whilst the 
cyano-phenyl viologen radical-cation forms a green deposit, on the electrode’s surface [80, 
82]. Therefore, careful selection of the substituent group allows control over the colour 
observed [7,75]. Viologen radical-cations are known for being intensely coloured and having 
high molar extinction coefficients (ε). There is some debate as to what mechanism is 
responsible for the colour of viologens. One possibility is that optical charge transfer 
between the nitrogen atoms produces the intense colour, when the species is in the radical-
cation state [7]. Another possibility is that π → π* electronic transitions are responsible for 
the intense colours [82]. In addition to controlling the colour, the electrical properties of the 
viologens can also be tuned by altering the counter ion. For example heptyl viologen 
radical-cation deposits are conducting with bromide counter-ions, whereas the dihydrogen 
phosphate equivalent is insulating [3]. 
 
Although intensely coloured, some viologen cation-radicals, e.g. methyl viologen radical-
cation, have poor colour switching efficiencies as a result of their high solubility in the 
radical-cation form. Such viologens are usually unsuitable for use in electrochromic 
Advances in electrochromic materials 
 
26 
devices, although several techniques have been developed to try and overcome this 
problem. Anionic polyelectrolytes such as poly(2-acrylamido-2-methylpropane-sulfonic 
acid), polyAMPS, or sulfonated perfluorinated polyether, Nafion®, drastically reduce the 
rate of radical-cation diffusion away from the electrode’s surface [83-84]. Alternative 
methods such as: electrode surface modification; deposition of alternating charge 
polyelectrolytes and incorporating the viologens into type III materials such as conducting 
polymers have also been studied [7,85]. 
 
1.2.1.2 Phthalocyanines 
 
Electrochromism was first reported for phthalocyanines in 1970 [86]. Thin films of lutetium 
bis(phthalocyanine), [Lu(Pc)2] where Pc is one phthalocyanine molecule, were found to 
exhibit polyelectrochromic properties [3]. Figure 1.16 shows the structure of an un-
coordinated phthalocyanine molecule. 
 
 
Figure 1.16 – Structure of an un-coordinated phthalocyanine molecule. 
 
Phthalocyanines are tetraazatetrabenzo derivatives of porphyrins and are large, highly 
conjugated molecules [7,87]. They have several industrial applications, particularly their use 
in pigments and dyes where they are renowned for their colour intensity and clarity, when 
coordinated to a metal (metallophthalocyanines). An isolated, single absorbance band in 
the visible spectrum is responsible for these properties (typically around 670 nm) and can 
have extinction coefficients often greater than 105 dm3 mol−1 cm−1. Subsequent transitions 
at different wavelengths are usually much less intense [7]. 
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Metallophthalocyanine complexes exist in two forms; a metal ion coordinated at the centre 
of the phthalocyanine ring or, a metal ion sandwiched between two phthalocyanine rings. 
The former are usually transition metals whilst the latter (known as bis complexes) consist 
mostly of lanthanide and actinide rare-earth metals [3,7-8]. 
 
The most studied phthalocyanine complex is the prototype, lutetium bis(phthalocyanine). It 
exhibits true polyelectrochromism having five distinct colour changes — green, yellow, 
red, blue and violet [8]. However, despite being able to switch between so many colours 
(including the most desirable for display applications; red, green and blue) these materials 
are yet to be incorporated into any commercial electrochromic devices. This is due to 
several experimental problems, which include film fracture due to counter ion flux during 
switching, and slow response times [8,88]. To overcome this problem research into 
alternative deposition methods, such as Langmuir-Blodgett technique, was conducted [87], 
instead of the traditional vacuum deposition in order to try and prevent film fracture [86]. 
 
1.2.1.3 Conjugated conducting polymers 
 
The chemical or electrochemical polymerisation of aromatic organic compounds such as 
thiophenes, furans, carbazoles, anilines and pyrroles can create electronically conducting 
polymers (CPs) [3,42,46,74,89-91]. Oxidative polymerisation is believed to commence via the 
oxidation of the monomer to a radical-cation [7]. Then the chain growth continues either by 
radical/radical-cation coupling, or by the attack of a signal radical-cation on an original 
starting monomer. To demonstrate this a proposed mechanism for the 
electropolymerisation of pyrrole is shown in Figure 1.17. 
 
When conducting polymers are oxidised or reduced the insertion of a counter ion is known 
as doping (this process is explained in detail in section 1.1.3 – Band theory). Figure 1.18 
depicts a p-doping process that occurs in polypyrrole. The doping and undoping of 
conducting polymers changes the polymer’s ‘band gap’ (Eg), which is the gap between the 
valence band and conductance band. It is the band gap that governs the electrical and 
optical properties of the polymer. This mechanism is discussed in greater detail in section 
1.1.3. 
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Figure 1.17 – A proposed mechanism for the electropolymerisation of pyrrole. 
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Figure 1.18 – Example of a p-doping system, polypyrrole. 
 
Most of the monomers mentioned at the beginning of section 1.2.1.3, when polymerised, 
produce materials with a band gap greater than 1.5 eV, and therefore are insulating. The 
energy band gap is too great for electrons to tunnel, at standard room temperature 
conditions [22,42]. However, when such polymers become doped the resulting charges are 
localised across the polymer backbone and result in new, localised electronic states 
appearing in the band gap. These localised charged states can be either: polarons; 
bipolarons; or solitons and allow charge/current to flow along the polymers. These 
polymers are now conducting [3,42]. It is the ability to switch between the conducting and 
insulating states that allow conducting polymers to function as electrochromic materials.  
 
The electronic properties of any specific polymer are unique. This means that tailoring of 
the polymers functionality — usually on the monomer — can allow for property 
manipulation e.g. band gap control thus colour control. Figure 1.19 shows some examples 
of how by changing the functionality (R and R′ groups), different monomers can be 
synthesised based on the same core structure can be made (in the case of Figure 1.19, 3,4-
ethylenedioxythiophene, EDOT) [92]. Poly-EDOT (PEDOT, compound 1 in Figure 1.19) 
has a dark blue colour when neutral and turns transmissive sky blue upon oxidation. 
Whereas, PEDOT-C14H29 (compound 3 in Figure 1.19) is dark purple in its neutral state, 
turning transmissive grey when oxidised [45]. 
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Figure 1.19 – Some examples of how a monomer’s core structure e.g. EDOT, can be altered to 
give different characteristics. 
 
These slight modifications to the structure affect the electronic band gap and so alter the 
colour observed. Sometimes seemingly minor functionality changes can cause significant 
effects of the materials observed colour [74,92].  
 
The ability to manipulate the colour of conducting polymers so readily makes them 
extremely versatile electrochromic materials. Along with pendant group modification, 
several other techniques can be used to control the perceived colour for conducting 
polymers. These include polymer blends, laminates, and various methods of patterning 
[74,93-94]. 
 
1.2.1.4 Metallopolymers 
 
It is known that most transition metal complexes are highly coloured. These complexes 
consist of a metal centre that is coordinated to a varying number of ligands. By altering the 
redox states of the metal the optical properties can be manipulated [7]. The ligands can be 
designed to almost any structure or functionality and are commonly organic based. 
Therefore it is possible to incorporate monomers (e.g. pyridine) into the ligand and 
subsequently polymerise them. This produces conducting polymers that contain highly 
coloured, redox active metal sites. The electrochromic behaviour of such materials occurs 
via several mechanisms: low energy metal-to-ligand charge transfer; intraligand excitation; 
electronic transitions in the visible spectrum (π→π*); and inter-valence charge transfer 
[7,74]. 
 
Metallopolymeric thin films have also been shown to demonstrate spatial electrochromism 
(electrochromism related to the addition/removal of part of the system). This is 
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demonstrated in poly[RuII(vbpy)2(py)2]Cl2, where vbpy is 4-vinyl-4′-methyl-2,2′-
bipyridine and py is pyridine [95]. Thin films undergo photolysis — absorption of a photon 
causing any photolabile parts of the compound to be ejected and replaced — where a 
pyridine ligand is replaced by a chloride ion. Figure 1.20 demonstrates the spatial 
electrochromic process. 
 
It is possible to create striped patterns of changeable colour, by addressing thin films of 
spatially electrochromic materials with a series of potentials. Such films are typically made 
using contact lithography [74,95]. 
 
 
Figure 1.20 – Mechanism of spatial electrochromism for poly[Ru2+(vbpy)2(py)2]Cl2 where vbpy is 4-
vinyl-4′-methyl-2,2′-bipyridine and py is pyridine. 
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1.2.1.5 Other organic electrochromic materials 
 
There are many different groups of organic materials, which are defined by their 
functionality, structure or both. The more dominant groups relevant for electrochromic 
purposes have been discussed in section 1.2.1.1 to section 1.2.1.4. However, there are 
many other groups that exhibit electrochromism that do not fall into the previously 
discussed sections. Some of these include: 
 
Fullerenes – An electrochromic effect has been observed in thin deposits of 
buckminsterfullerene, C60. A colour change has been reported, from a yellow-brown (un-
doped) to a silver-black (n-doped) [3]. Further research in this area is hindered by the high-
cost of these novel materials [3,6]. 
 
Quinones – Quinones are colourless, moderately soluble molecules when in their neutral 
redox state. A one-electron reduction, however, leads to intensely coloured deposits/films 
on an electrode’s surface [8,35]. 
 
Carbazoles – These materials generally behave as type II electrochromic materials and are 
commonly colourless in their neutral state (and soluble in aqueous solutions). Oxidation 
results in the formation of a coloured in-soluble film on the electrode’s surface [8,96]. 
 
Methoxybiphenyl compounds – Also known as violenes, these compounds form highly 
coloured thin films when oxidised from their neutral, colourless state [8]. 
 
Phenothiazines – These are heterocyclic molecules that are typically colourless until 
oxidised, when a variety of colours can be observed. The best-known phenothiazine is 
methylene blue [35,97-98]. 
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1.2.2 Inorganic electrochromic materials 
 
In addition to the large number of organic electrochromic materials, there are also a wide 
variety of different inorganic complexes and structures that can be classified as 
electrochromic. A broad overview of these materials is given in this section. 
 
1.2.2.1 Transition metal oxides 
 
Many different electrochromic transition metal oxides have been discovered over the years 
e.g. iridium, rhodium, ruthenium, tungsten, and manganese oxide [99—101]. They are 
renowned for their intense optical absorptions, when partially reduced, which are a result 
of inter-valence charge transfer processes. This is when “an electron is excited to a similar, 
vacant orbital on an adjacent ion or molecule” [102] (see section 1.1.2 Charge-transfer). The 
most studied of these materials is tungsten(VI) trioxide, WVIO3. Electron transfer from an 
electrode to a tungsten(VI) atom results in a reduction process to produce tungsten(V). 
When both tungsten(VI) and tungsten(V) are present in the bulk species, photo-induced 
intervalence electron transitions can occur, resulting in a transparent to blue colour change. 
The intervalence charge transfer reaction of tungsten trioxide, in a mixed valence state is 
given in Equation 1.6 [102-104]. 
 
 
! 
WAV +  WBVI h"# $ #  WAVI +  WBV  Equation 1.6 
 
Tungsten trioxide is not only the most studied transition metal oxide, but also probably the 
most studied electrochromic material [104]. It has a nearly cubic structure (sometimes 
described as empty perovskite) [3], which is essentially WO6 octahedra sharing the corners 
of a cube. This results in a large void in the centre of the unit cell, providing many 
interstitial sites for guest ion insertion. The reduction of tungsten(VI) oxide means a 
charge-balancing counter-ion is required, typically a Group 1 metal such as H+ or Li+). 
When coloured (blue), the molecular formula becomes MxWO3, where x can be interpreted 
as the fractional number of interstitial sites that have been reduced (M is the cation 
insertion material and so x will give an indication of the extent of the reduction). When x is 
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low tungsten trioxide films exhibit a blue colour. When x is high, an irreversible 
compound forms causing a bronze colour with a red/golden tint [3,35,102]. 
 
The redox process that allows the reversible colour change can be repeated many times. 
However, it has been noted that there are differences between initial and successive 
voltammograms [103]. Initial cycles show that various activation processes occur and this is 
a common feature across all ion-insertion compounds. This feature has been described by 
Granqvist as “an initial and permanent uptake of M+ ions which somewhat opens the route 
for the following fast and reversible insertion-withdrawal reactions” [103]. The extent of 
voltammetric cycling that is required to overcome any activation process, is dependent 
upon the electrochromic material in question. Once completed, however, sufficient cycling 
can lead to a highly switchable and stable electrochromic materials [3,6,103,105]. 
 
Most of the information mentioned concerning tungsten trioxide in this section is 
applicable to many other transition metal oxides such as: cerium; cobalt; iridium; iron; 
manganese; molybdenum; nickel; niobium; vanadium etc. as well as many mixed oxide 
systems [102,106]. 
 
1.2.2.2 Metal hexacyanometallates 
 
Iron(III) hexacyanoferrate(II) or Prussian Blue (PB), was the first of now many 
polynuclear transition metal hexacyanometallate to be discovered. There are now many 
such compounds, all of which share the same general formula Mx´[M(CN)6]y where x and 
y are integers and M and M´ are transition metals (Fe3+ and Fe2+ respectively in the case of 
PB). When the metals in such compounds exist in different oxidation states, intervalence 
charge transfer can occur (resulting in colour). PB contains a high-spin ferric ion coupled 
to a low-spin ferrous ion, via a bridging cyanide molecule (with the ferric ion bound to the 
nitrogen and the ferrous ion to the carbon) [3,107]. The lattice structure for PB is shown in 
Figure 1.21. 
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Figure 1.21 – Iron(III) hexacyanoferrate(II) unit cell. Blue octahedra are iron(II) atoms, red spheres 
are iron(III) iron atoms, grey spheres are carbon and green spheres are nitrogen. Water molecules 
are also shown whereby tourquise spheres are oxygen and the small white spheres are hydrogen. 
Iron(III) atoms are nitrogen coordinated and iron(II) are carbon coordinated.  
 
Prussian Blue was discovered in 1704 by Diesbach (cited in Monk et al. [107]), and was 
used on a large scale as a pigment in paints, printing inks and lacquers [108]. However, it 
wasn’t until 1978 that Neff [109] discovered a method that allowed production of Prussian 
Blue thin films on platinum or gold electrodes. This meant that the redox chemistry of PB 
could be explored electrochemically. More recent research has led to PB being used as an 
electrochromic material in electrochromic devices, and as a sensitizer to improve the 
electrochromic response of other materials [3,110]. It is well known that Prussian Blue exists 
in two different forms dubbed soluble, Fe3+{[Fe2+(CN)6]3}, and insoluble, Fe3+4  [Fe
2+(CN)6] 
[111]. 
 
Electrochemical reduction of PB produces Prussian White (PW), also known as Everitt’s 
Salt, and oxidation of Prussian Blue leads to Prussian Green (PG), also known as Berlin 
Green. Further oxidation leads to Prussian Brown (PX), which is brown when in a bulk 
solid form, but yellow when in a thin film form. All of these redox reactions are show in 
Equation 1.7 to Equation 1.9 below (which assume potassium is the present counter ion): 
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! 
KFe3+[Fe2+(CN)6] +  e- +  K+ " #  
K2Fe2+[Fe2+(CN)6] (PB#PW)
 Equation 1.7  
 
! 
KFe3+[Fe2+(CN)6]{ }3  -  2e
- -  2K+ " #   
Fe3+[Fe3+(CN)6]{ }2 KFe
3+[Fe2+(CN)6]{ } (PB#PG)
 Equation 1.8 
 
! 
KFe3+[Fe2+(CN)6] -  e- -  K+ " #   Fe3+[Fe3+(CN)6]
(PB#PX)
 Equation 1.9 
 
Counter ions are required in order to maintain electroneutrality. Prussian Blue favours K+ 
counter ions, due the size of its Stokes radius and specific lattice interactions within the 
Prussian Blue structure [112]. When fabricating Prussian Blue typically the insoluble species 
is created. This is converted to the soluble form by repeated cycling in a potassium 
containing solution (or other Group 1 metal electrolytes) [3,112-115]. Prussian Blue can be 
subjected to many electrochemical cycles (100,000 +), making it very electrochemically 
stable [116]. 
 
Although Prussian Blue has been used as the sole electrochromic material in a device [117-
118], it can also be used in a complementary or reinforcing system e.g. Prussian Blue as the 
anodically colouring material and tungsten trioxide as the cathodically colouring material. 
Recently, blue quantum dots have been produced, perhaps offering a new partner for 
Prussian Blue in a working device [119]. As previously mentioned PB has also been used as 
a sensitizer as it enhances and extends the electrochromic response for conducting 
polymers. This is particularly useful when analyzing polypyrrole and polyaniline [3].  
 
Analogues of PB include: ruthenium; osmium; nickel; vanadium; palladium; and copper 
hexacyanoferrate as well as many other mixed metal hexacyanometallates [3,27,85,107,120-121].  
 
1.2.2.3 Other inorganic electrochromic materials 
 
There are many other less common inorganic electrochromic materials, some of these 
include: 
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Intercalation materials – Layers of graphite have been used in electrochromic devices [43]. 
Group 1 metal cations become inserted in the graphite layers from aprotic solvents, 
regularly producing polyelectrochromic effects [35,122].  
 
Colloidal material deposition – Charged particles become deposited and produce a thin 
film as a result of a strong field that is applied between two optically transparent 
electrodes. When the field is applied the particles align via the Winslow effect 
(electrorheological fluid), causing light to scatter (this is not therefore truly 
electrochromic). Disconnecting the potential allows relaxation of the molecules and the 
bleached colour is regained [123]. 
 
Metals – Some metals can be deposited from solution onto an electrode’s surface. An 
example is bismuth, which can be deposited from an acidic solution such as 0.2 mol dm−3 
hydrochloric acid, containing a mediating agent such as copper(II) chloride. This system is 
colourless as a solution, and black upon formation of an insoluble film and is therefore a 
type II electrochrome. Silver is another metal that has been used in this way to produce 
electrochromic pictures [35,122]. 
Several other individual materials — sintered lead titanate zirconates of the composition 
[Pb(x-y)Lay][(ZrzTi(1-z))1-y/4xy/4]O3 and [Pb(x-3y/2)xy/2Lay][ZrzTi(1-z)]O3  (x is a cation vacancy); 
bridged ruthenium mixed-valence complexes [(NH3)5Ru]2L5+ (L = pyrazine or 4,4’-
bipyridine); ferroin ([C36H24FeN6]2+) — have been reported to possess electrochromic 
properties [35,41]. 
 
1.3 Properties of electrochromic materials 
 
There are a vast number of materials currently known to exhibit electrochromic behaviour. 
These materials will possibly find there way into electrochromic devices, starting as a 
prototype device in a research laboratory, progressing to a commercially available product. 
In order to compare devices, and therefore the materials used, researchers have formulated 
quantifiable parameters or properties that allow comparisons between different devices and 
materials. The more commonly used properties are discussed in this section. 
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1.3.1 Contrast ratio 
 
For electrochromic systems, or any system involving a colour change, a technique is 
required that quantifies the intensity change between the different colour states. This is a 
species contrast ratio that measures the ratio of the luminance of the brightest colour 
against that of the darkest colour [124-125]. The following equation is typically used to 
calculate contrast ratio 
 
 
! 
CR = RORX
" 
# 
$ 
% 
& 
' Equation 1.10  
 
where CR is the contrast ratio; RO is the intensity of diffusely reflected light from a non-
shiny white card; and RX is the diffuse reflectance from an electrochromic material’s 
coloured state [2]. Contrast ratio values should be quoted with reference to a particular 
wavelength. It has been said, “true values of contrast ratio represent decreases in 
transmitted light owing to optical absorption” [126]. As a result contrast ratio can also be 
calculated via Equation 1.11, where Tb is the transmittance of a material in its bleached 
state (at a particular wavelength); and Tc is the transmittance of a material in its coloured 
state (at a particular wavelength) [92,127]. 
 
 
! 
CR = TbTc
" 
# 
$ 
% 
& 
' Equation 1.11 
 
A high contrast ratio is desirable for devices such as displays so that images and text can 
be viewed easily [2,124], although lower values maybe useful in-order to obtain effects such 
as depth and shadow. When quoting the value of contrast ratio for a material it is important 
to explain the details of the experimental conditions. Different results are observed if the 
device’s properties are measured in different environments e.g. completely isolated, ideal 
room conditions, and actual operating conditions.  
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1.3.2 Coloration efficiency 
 
The colour change obtained by the application of a potential for electrochromic materials 
and devices can be expressed as the colouration efficiency, η (CE, cm2 C−1). The coloration 
efficiency represents the amount of electrochromic material to become coloured by one 
absorbance unit per unit of charge [124], or is the change in optical density, ΔOD, divided by 
the charge density, Qd (C cm−2). Coloration efficiency is almost always given for a 
particular wavelength, CE(λ), most commonly the λmax. The change in optical density and 
colouration efficiency can be calculated by 
 
 
! 
"OD(#) = log Tb(#)Tc(#)
$ 
% 
& 
' 
( 
)  Equation 1.12 
 
where Tb(λ) and Tc(λ) are the transmittance in the bleached and coloured states 
respectively. 
 
 
! 
CE(") = #OD(")Qd
 Equation 1.13 
 
Coloration efficiency is sometimes referred to as electrochromic efficiency, and is 
determined spectroelectrochemically [3,92,128]. Higher values of coloration efficiency are 
preferred, indicating an efficient electrochromic material [2,124]. This method of 
quantification has been explored and adapted to create composite coloration efficiencies, 
CCEs [60]. Tandem experiments of chronocoulometry and chronoabsorptometry are setup, 
and the CCE is calculated from the recorded data at defined percentage transmittances of 
the λmax. CCE was invented to enable easy comparison of an electrochromic material’s 
property. When measuring coloration efficiency the point of data acquisition is not usually 
specified, and values for colouration efficiency, change depending on the point of 
acquisition. CCE avoids this problem, specifying the percentage of charge passed required 
at which to record the change in optical density, 98% [60,129-131]. 
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1.3.3 Write-erase efficiency 
 
The percentage of coloured material that can be subsequently changed back to its original 
state is known as the write-erase efficiency. It can be expressed as a ratio of absorbance 
changes, but more usually as a percentage. Successful materials and devices will have a 
write-erase efficiency approaching 100% — measured over one cycle. Typically the 
reported efficiency of type I electrochromic materials is low, since diffusion away from the 
electrode occurs after the initial coloration. However, this is dependent on the thickness of 
the diffusion layer (i.e. gap between electrodes in a device) and the diffusion coefficient of 
the material. Various other techniques can be employed to enhance the performance of 
type I materials, examples include: attaching material directly to electrodes (derivatization) 
[132-133]; and using polymeric, solid electrolytes to immobilize the electrochrome [83,85]. 
Type II and III materials do not suffer this problem and so naturally have higher write-
erase efficiencies. 
 
1.3.4 Response time 
 
The time taken for an electrochromic material to switch between its coloured and original 
states is its response time, τ (s). The same definition is also applied to electrochromic 
devices. The significance of the response time is heavily influenced by the application of 
the material/device. Electrochromic windows, for example, do not suffer commercially 
with slow response times (up to several minutes). (In fact studies have shown that workers 
can feel ill if the lighting environment changes too fast) [124]. However, electrochromic 
displays at transport terminals would require faster switching times (seconds), and 
televisions even faster still (milliseconds) [2,124]. Applying a pre-pulse before the main 
pulse has been proved to speed up the switching time of a material [124].  
 
Published values of response times are mostly incomparable due to the lack of consistency 
when taking the measurement. For example, the response time has been described as “the 
time taken for some fraction of the colour (arbitrary or defined) to form, or it may relate to 
the time required for an amount of charge (again arbitrary or defined) to be consumed in 
forming colour at the working electrode” [126]. It would be beneficial if an absolute 
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definition for the response time were made, allowing different research groups to 
accurately compare data [2, 126]. 
 
1.3.5 Cycle life 
 
For an electrochromic device to be commercially successful it must have the ability to 
switch between its coloured and bleached states frequently, whilst maintaining other 
important features consistently (e.g. contrast ratio, response time, coloration efficiency). 
Cycle life measures device/material stability and is defined as the number of cycles 
completed before the device/material fails. High performance systems will operate for, or 
supersede, a predefined number of potential cycles/switches; τ. τ is determined by the 
application of the device. If a system is tested for τ number of cycles or more, this is 
known as deep-cycle testing. However, if a system is tested for less than τ number of 
cycles, this is called shallow-cycle testing, and is often of less value to a researcher. As 
with response time, comparing cycle life is difficult as there are no ‘standard’ values for τ 
available. Factors such as the supporting electrolyte used can have a huge effect on the 
cycle life of a material/device [3,125-126,134-135]. 
 
 
1.3.6 Power and energy requirements  
 
An advantage of electrochromic materials is that they do not require any power to remain 
in their coloured/colourless states following the switching potential. This is called the 
memory effect [136]. For example, Tung and Ho [137] showed that a viologen cation-radical 
could retain its intense colour for many months, providing it was kept away from any 
oxidizing agent e.g. molecular oxygen. However, if the memory effect of a material is 
short-lived (typically for type I and II materials), a current pulse method can be employed 
which, with correct pulse intervals, counteracts the loss of electrochromic material due to 
diffusion [138-142]. Regardless of this, power must be supplied to switch the electrochromic 
material from one coloured state to another, or back to its bleached state. 
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The energy consumed during switching depends on a number of different factors, but is 
mainly determined by the amount of electrochromic material at the electrode, and the 
voltage required to drive the redox reaction. Some energy may also be lost as heat. To a 
first approximation, however, an electrochromic material may be modelled as a capacitor. 
 
The energy stored in a capacitor is given by the formula 
 
 
! 
E = 12CV
2  Equation 1.14 
 
where E is the stored energy (J), C is the capacitance (F), and V is the applied voltage (V). 
The principal defect of this model is that, for electrochromic materials, the capacitance is 
not constant, but is a function of potential. However, if the capacitance does not 
significantly vary with potential, then the capacitance C in the above equation may be 
replaced by the voltage-averaged capacitance 
! 
C . Thus 
 
 
! 
E = 1
2
C V 2 Equation 1.15 
 
This is appropriate for many purposes. 
 
When switching an electrochromic material between two redox states characterized by two 
potentials V1 and V2, the change in energy is therefore 
 
! 
"E = 12 C V2
2 #V12( )  Equation 1.16 
 
where: E is energy (J); 
! 
C  is the voltage-averaged capacitance (F), and V1 and V2 are the 
first and second applied voltages (V). 
 
In real electrochromic devices there are inevitably side reactions that dissipate energy. To a 
first approximation these can be modelled as resistors. Because energy is continually lost 
from these reactions, a real device requires a continual power input to replenish these 
losses. Watt’s law, and some variations when combined with Ohm’s law give power, 
where: P is power (W); I is current (A); R is resistance (Ω); and V is voltage (V): 
 
Advances in electrochromic materials 
 
43 
 
! 
P = I2R = IV = V
2
R  Equation 1.17 
 
As for the case of capacitance, the resistance may also be a function of potential. However, 
if the resistance does not significantly vary with potential the resistance R, in the above 
equation, may be replaced by the voltage-averaged resistance 
! 
R . Producing a variation 
of Watt’s law when combined with Ohm’s law. 
 
 
! 
P = V
2
R  Equation 1.18 
 
In this case the total energy expended up to time t is (where tm is the total time). 
 
 
! 
E = V
2
R .dt0
tm"
=
V 2
R tm
 Equation 1.19 
 
Equation 1.14 to Equation 1.19 shows how the power and energy requirement of an 
electrochromic process can be approximated. Clearly it is important to minimize side 
reactions to maximize energy efficiency [143-144]. Surprisingly, the mathematical theory of 
side reactions is not widely considered in the literature. 
 
1.3.7 Spectrovoltammetry 
 
Zhang et al. [145] demonstrated that the derivative of an absorbance (at a specified 
wavelength) vs. time plot was a useful way of obtaining data, such as the number of 
electrons in a reaction, the formal potential etc. Data from such plots should be of greater 
accuracy because the optical signal has no side reactions, or background current [145-148]. 
Such measurements are recorded at low scan rates and assume the system is operating as a 
thin-layer cell. 
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1.3.8 Cyclic resistometry 
 
Deutscher et al. developed hardware that can measure the time-varying resistance of an 
electrode whilst performing cyclic voltammetry [149]. One application of this technique 
included the study of electrochromic iridium oxide films. Talaie and Wallace reported 
similar work for conducting polymers [150]. This novel method of analysis was applied to 
Prussian Blue and Ruthenium Purple; the findings are included within the results and 
discussion chapter of this thesis.  
 
1.3.9 Other methods of electrochromic material and device 
characterization 
 
The discovery of new electrochromic materials, and creating new combinations of 
electrochromic materials for use in novel, operational devices is fundamental to research in 
this field. Current research focuses on this with less attention spent on the theory of 
materials and device operation. However, this is an important area of electrochromism. 
Two examples of such research follow. 
 
Chen and Ho [151] set out to gain a greater insight into the dominant factors that dictate the 
performance of complementary electrochromic devices. They concluded from their study 
that a limiting electrode concept is probable. This means that of the two electrochromic 
materials in an electrochromic device, one of them will exhibit a lower charge capacity. 
This is the limiting factor of the design. They also showed mathematically that the closer 
the charge ratio is to one, the more efficient and stable the device becomes. From their 
study they have claimed to derive complementary electrochemical and optical device 
design equations [151-152]. 
 
Nagai and McMeeking [153] recognised that “the response in electrochromic systems is a 
complicated function of the sheet resistance of indium tin-oxide, and the ionic transport of 
the electrolyte charge storage layer and electrochromic film” [153]. Of these difficulties, 
they concentrated on the ionic transport of counter-ions that diffuse into electrochromic 
thin-films. Using a finite diffusion model they solved the calculation of diffusion for films 
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of tungsten trioxide using chronopotentiometry. Several other films were attempted to fit 
within the model but there was insufficient comparable data available [153]. 
 
The findings of Nagai and McMeeking, and Chen and Ho, are currently not widely used in 
the analysis of electrochromic materials. Unfortunately this also applies for other 
electrochromic theory papers [152,154-155]. Further developments and research into such areas 
will, undoubtedly, result in the discovery of new widely accepted quantifiable parameters 
that, hopefully, will be used to compare and characterize electrochromic materials.  
 
1.4 Electrochromic devices 
 
There are many different electrochromic materials available, each with their own unique 
electronic absorption bands — thus their own unique optical properties. These materials 
are researched with the hope of utilizing their properties and creating an electrochromic 
device. Commercially, electrochromic materials can be used to make a variety of different 
devices such as: optical information displays/storage; mirrors; electrochromic shutters; 
windows for energy and light control (in buildings and cars); military protective eyewear; 
camouflage materials; controllable canopies for aircraft; spacecraft thermal control; as 
secondary battery materials; the optical iris of a camera; and even items such as 
electrochromic sunglasses [6,89,92-93,156-157]. However, most of the listed electrochromic 
devices have only reached the prototype stage and are not, as yet, commercially available, 
one exception is the Gentex self-darkening mirror, which is discussed later in section 
1.4.2.2. Despite their versatility the application of electrochromic devices can be split into 
two categories displays and shutters, each with their own subcategories [8]. 
 
In this section the design and layout of typical electrochromic devices will be discussed, 
along with how varying the design and/or the components can affect its performance and 
application. Various commercial devices are also briefly mentioned.  
 
1.4.1 Electrochromic device composition 
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For devices, a multilayered approach to manufacturing is common. The simplest 
electrochromic device consists of five components: transparent substrate, transparent 
conductor, electrochromic material, electrolyte solution, and counter electrode. The 
transparent substrate is usually glass, but can also be various plastics. Transparent 
conductors, which coupled with the transparent substrate, form optically transparent 
electrodes (OTEs). In all-solid-state devices the electrochromic material and electrolyte 
form separate layers (type III electrochromes). However, if using type I/II electrochromic 
materials these layers become amalgamated. The counter electrode can vary depending on 
the desired function of the device. Either another optically transparent electrode can be 
used, to form a transmissive device, or a reflective electrode (such as polished platinum) to 
form a reflective device [3,6]. 
 
1.4.1.1 Types of electrochromic device 
 
There are two main configurations for electrochromic devices, transmissive and reflective. 
Examples of both these setups are in Figure 1.22 and Figure 1.23.  
 
The devices are essentially the same except for the counter electrode. Reflective devices 
have a reflective material at the back of the device acting as the counter electrode, such as 
polished platinum or gold [2,93,125]. Reflective devices have twice the intensity change in 
comparison to the equivalent transmissive devices. This is because the incident light has to 
pass through the primary and secondary electrochrome twice (entry and exit) [2]. However, 
both device types contain a conductive electrolyte solution, primary and secondary 
electrochrome (or charge balancing reaction), at least one optically transparent electrode, a 
power source and a simple operational switch [2]. 
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Figure 1.22 – Schematic of a reflective electrochromic device. 
 
 
Figure 1.23 – Schematic of a transmissive electrochromic device. 
 
1.4.1.2 Optically transparent electrodes 
 
The primary function of electrochromic devices is to regulate the colour or amount of light 
that passes through it. Therefore, one or both of the working/counter electrodes must be 
optically transparent. The developments in optoelectronic technology, of this kind, have 
been remarkable since the first report of a transparent conductor, CdO films, in 1907 (cited 
in [158]). The most commonly used optically transparent electrode for fabricating 
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electrochromic devices is indium tin-oxide glass (ITO). This consists of normal silicate 
glass (although this can be changed to a variety of materials or different types of glass e.g. 
plastic transparency films [49], quartz), coated with a thin film of indium tin-oxide (of the 
structural composition In1.88Sn0.12O3, and typically deposited to ca. 0.3 µm thick) [159]. 
Indium tin-oxide is created from a mixture of indium(III) oxide, In2O3, and tin(IV) oxide, 
SnO2, typically in a ratio of 90:10 by mass. Indium tin-oxide is therefore sometimes called 
tin-doped indium oxide [159]. However, by varying the ratio of reagents different 
compositions can be formed, resulting in different properties of conductance and 
transmittance. It is possible to use other doped oxides including: antimony-doped tin-oxide 
and fluorine-doped tin oxide [159]. Other materials used as optically transparent electrodes 
include [2,160]: thin metal films such as gold and platinum; micromeshes (gold); thin 
diamond films [161]; thin conducting polymer films (e.g. poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate), PEDOT-PSS); and more recently thin graphene layers [162]. 
 
1.4.1.3 Electrolyte solution 
 
The electrolyte chosen is selected to provide the least electrochemical interference, greatest 
conductance and most stability. The electrolyte layer can be either a solid — conducting 
polymer, polymer gels or solid salts — or a traditional liquid system. Currently the most 
common setup for pre-device material studies is the traditional liquid-phase system, 
whereas for fabricating devices researchers prefer to use solid-state setups. Devices have 
typically been constructed favouring the solid-state, as liquid systems are harder to 
fabricate, difficult to contain if damaged, and susceptible to temperature 
expansion/contraction problems. Although solid-state devices are simpler to construct, they 
might not offer the best electrolyte system for some electrochromic materials, due to 
solubility and diffusion properties [6]. Also, a study conducted by Girotto and De Paoli 
found that their electrochromic materials performed better using a liquid device setup, 
opposed to a solid-state setup [163]. 
 
The study of electrolytes is constantly on going [164-167], whether: improving the solubility 
of a particular ion, characterizing its new properties or discovering novel electrolytes. Such 
research is inevitably linked to the study of solvents used in electrochemical devices. 
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A recent study conducted by Deepa, M. et al. [165] reviewed using binary solvent mixtures 
in an attempt to utilise the desired properties from each individual solvent (e.g. high 
degrees of dissociation, fast ion migration, viscosity and dielectric constant).  
 
Kucharski, M. et al. [167] published some changes that occur on polymer gel-electrolyte 
properties by using different polymers and varying the concentration of different polymer 
mixtures.  
 
Ionic liquids are currently a popular research topic, resulting in many research groups 
publishing papers on new ionic liquids, synthesis techniques and their uses in commercial 
applications. Lu, W. et al. [89-90] successfully implemented ionic liquids in electrochromic 
devices, as both electrolyte and solvent. 
 
A more recent development is the use of laminable plastics to create electrochromic 
devices 168. Electrochromic materials are mixed into a matrix containing a plasticizer and 
heat treated, between two optically transparent electrodes, to create the laminated device. 
Such devices are extremely stable and simple to fabricate [168]. 
 
1.4.2 Current device applications 
 
The discovery of a high quality, durable and efficient electrochromic device could lead to a 
highly profitable product. A consequence of this, therefore, is that many current devices — 
commercial or prototype — do not have specific details fully explained in papers, patents 
or books. Unfortunately, due to such trade secrets it is impossible to obtain full 
experimental details for some of the example devices discussed in the remainder of this 
chapter. 
 
1.4.2.1 Electrochromic windows 
 
Electrochromic windows are highly desirable for several reasons. For buildings, and to 
lesser extent cars, the cost of heating/cooling the internal environment could be 
dramatically reduced. The electrochromic materials would regulate the movement of 
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infrared radiation in or out of the environment, depending on season, as specific materials’ 
UV absorbance spectra extend through the visible and into the infrared region. 
Electrochromic windows can also be used for controlling lighting levels, as a privacy 
function or for aesthetic purposes [6]. The most studied electrochromic material for use as a 
commercial electrochromic device is tungsten(VI) trioxide, WO3 [104]. In its blue coloured 
state, (where a certain fraction x, typically 0.13, is reduced to tungsten(V), where 0 < x > 1 
[124]), some infrared radiation is absorbed, keeping the room cool. This mechanism is 
superseded by the complete reduction to tungsten(V) (x = 1), which completely 
prevents/retains the infrared radiation. However, it is electrochemically irreversible so 
would not be useful for such applications [104]. These windows can cut out up to 95% of 
solar infrared radiation, and save (in principle) up to 30% of working-environmental costs 
(statistics from Sustainable Technologies Australia Ltd.).  
 
Granqvist and his research team have coupled together electrochromic windows and solar 
cells to create self-powering electrochromic windows to further improve the environmental 
efficiency of these devices [106]. 
 
1.4.2.2 Electrochromic mirrors  
 
The most successful commercial electrochromic device to date is the self-darkening rear-
view mirror in cars. In 2006, Gentex reported net annual sales of $532 million (the market 
leader); and they have reported consistent annual rises in annual sales [169]. They work on 
an all-liquid system, where two electrochromes are present, one colouring on oxidation, the 
other on reduction. The cathodic colouration material is a viologen (positively charged 
when dissociated), whereas the anodic material is a neutral compound that is driven to the 
electrode via a chemical-potential gradient, caused by the migration of the positive ions 
towards the cathode. When the cell is switched on, the molecules gain/lose an electron 
before exhibiting type I electrochromic behaviour. Once coloured the two materials diffuse 
away form the electrode, and neutralize each other. Because of this design the mirror can 
only stay dark when current is being supplied, a fail-safe feature so the mirror will stay 
clear if faulty [6]. Gentex is constantly updating its technology and in the near future 
electrochromics devices could contain an integrated display that is connected to a camera 
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mounted in the rear bumper. When the car is set to reverse the display is revealed, from 
behind an electrochromic shutter [169]. 
 
1.4.2.3 Electrochromic displays 
 
One of the major advantages of electrochromic materials is their ability to remain coloured 
without a constant supply of energy. This is known as the memory effect. This means that 
once an image has been made with very little (if any) electrical input, that image can be 
viewed for long periods of time. This property would benefit devices that do not require 
frequent updating e.g. electronic books, newspapers, transport terminal displays and 
advertising boards. Some more innovative examples of electrochromic displays are listed 
below: 
 
Electrochromic darkening – The brilliance adjustments on cathode ray tubes can be 
controlled via the transparency of an electrochromic film, rather than the direct electrical 
control (resulting in colour values being preserved). 
 
Thermal exposure indicators – Thin electrochromic devices can be attached to frozen food 
packaging. The polymer electrolyte is designed so that at low temperatures it behaves as an 
insulator, whilst when warmed up it becomes conducting and the electrochromic effect can 
be observed. The extent of colouration depends on how warm or for how long the cell (i.e. 
the food) was exposed to undesirable temperatures [170]. 
 
Novel security – Tickets, cards etc. can be printed with an electrochromic material to a 
desired pattern, in a transparent state. When exposed to two electrodes the invisible pattern 
would be revealed, if authentic (it would be very difficult to create working fraudulent 
copies) [6]. 
 
1.4.3 Present and future electrochromic research 
 
A key stage in electrochromic device preparation is attaching the electrochromic material 
to the electrode. The most common process is electrochemical deposition, which works for 
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both organic and inorganic materials, closely followed by sputtering techniques (especially 
when coating metal oxides) [104]. Recent research by several groups has been focused 
towards utilizing other techniques to coat the materials. The Reynolds group at the 
University of Florida have been perfecting spray [93-94] and spin coating techniques [50]. 
These methods require the chemical synthesis of electrochromic materials (e.g. inorganic 
species and conducting polymers), which are dispersed in an inert, volatile solvent before 
being airbrushed or spin coated onto the substrate. Electrochemical deposition for mass 
production of a device would be significantly more complicated than using either of these 
techniques, as would deposition onto complex geometry substrates. Reynolds and co-
workers stated in a recent publication “Spray coating techniques allow homogenous 
deposition for polymer films over large and irregular surfaces on various substrates” [93]. 
Dip coating is another preparation method being developed for thin films [171-173]. This 
technique involves immersing a substrate into a vessel containing the desired coating 
material and removing it is the simplest operation of this technique. This can be repeated to 
develop a layer-by-layer (LbL) method. Typically oppositely charged species are used to 
produce electrostatic binding. 
 
Other current electrochromic device research has involved the incorporation of ionic 
liquids into devices. When using an ionic liquid it operates as both the solvent and the 
supporting electrolyte (although they can be mixed with other solvents as well) [89-90]. Ionic 
liquids offer several advantages over more traditional systems, including: very low vapour 
pressure (or none at all); a large electrochemical window; and the ability to be tailored for 
specific requirements (there are currently at least 106 binary, and potentially 1018 ternary 
ionic liquids compared to approximately 600 molecular solvents) [174]. Current 
electrochromic devices fabricated with ionic liquids have been found to be: highly stable; 
have low operational voltages; good contrast ratios; fast switching times; and high 
coulombic efficiencies [89]. Hanabusa et al. [175] discovered a gelling agent for ionic liquids; 
this could potentially be used to create solid-state electrochromic devices with ionic liquids 
[176]. Ionic liquids are also being used as a solvent for the synthesis of conducting polymers 
[89]. 
 
A significant amount of the research aimed at discovering new electrochromic materials is 
focused on discovering new conducting polymers [49]. It is the “ease-of-colour-tuning 
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properties, fast switching times and high contrast ratios” [49] that are responsible for this. A 
polymer’s optical properties can be manipulated by controlling its functionality (including 
steric effects) and electronic properties, particularly of the pendant groups attached to the 
polymer backbone [74]. Conducting polymers have also been used as transparent conductors 
for optically transparent electrodes (e.g. PEDOT-PSS). Such transparent conductors are 
made from cheaper materials, have lower production costs and are readily available (unlike 
the diminishing supplies of indium for indium tin-oxide) [92-94]. Conducting polymers are 
considered to be the future of electrochromism as they offer “the ability to make flexible, 
stable and truly all-organic electrochromic devices” [49]. 
 
Replacement backing materials for the optical transparent electrodes have also been 
investigated for example replacing traditional glass with plastic, e.g. polyethylene 
terephthalate (PET), to create durable, flexible devices [164]. Replacing the optically 
transparent material, e.g. glass, with a coloured material has not yet been reported. Such a 
setup would allow the ability to switch to an additive colour, made up of the backing 
material and the electrochromic material.  
 
Researchers constantly review the design of electrochromic devices. The typical sandwich 
style construction can be replaced, or different fabrication routes may be discovered. 
Screen-printed devices offer an example of both [177-178]. A diagram of a screen-printed 
electrode is shown in Figure 1.24. Inter-digitated arrays are another novel design type, 
although they are not a recent development [179-180]. 
 
 
Figure 1.24 – Cross-section of a typical screen-printed electrochromic device. 
 
The way in which electrochromic materials are prepared for electrochromic devices can 
heavily influence the properties [181-182]. Cho and Lee deposited PEDOT as ordered 
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nanowires/nanorods, instead of the more traditional solid film [181]. This type of deposition 
was achieved via a templating method, where PEDOT films were deposited onto an 
electrode coated with a porous alumina template. The alumina template was created by 
sputter coating an alumina film, which was subsequently anodized to produce the porous 
structure. Once the PEDOT film was deposited the alumina template was removed, leaving 
PEDOT nanowires/nanorods, that are arranged parallel to the electrodes surface. The 
switching time and colouration efficiencies for the material were improved by changing 
the preparation method [181]. 
 
Device design is very important in the progression of electrochromic material application, 
particularly for laboratory prototypes. Simulating devices in their commercial form in the 
laboratory can produce a significant amount of useful data. This can include elements such 
as circuit, chip and driver design, areas that are usually overlooked by the chemist [183-184]. 
 
All of the above are current areas of interest within the field of electrochromism. With the 
thesis prerequisite ‘to make advances in this field’, the novel research contained within this 
thesis includes: the design and construction of a spreadsheet to calculate an electrochromic 
material’s chromaticity coordinates from its UV-vis spectroscopic data (instead of using 
expensive hardware); further the understanding, behaviour and synthesis of metal 
hexacyanometallate thin-films; and the use of metal hexacyanometallates with di-n-alkyl 
viologens as to create both complementary and reinforcing electrochromic devices. 
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Chapter 2 – Theory and experimental 
 
Contained within this chapter are all the experimental details related to the results section 
of this thesis. This includes all used experimental reagents, techniques and parameters 
employed. In addition, the background theory and a description of the electrochemical and 
spectroscopic techniques used throughout this thesis are discussed. 
 
2.1 Electrochemical and spectroscopic background 
theory 
 
2.1.1 Cyclic Voltammetry 
 
One of the most versatile and commonly used electrochemical techniques, across many 
scientific disciplines is cyclic voltammetry. This is especially useful when conducting 
initial studies of electroactive species in solution [1]. 
 
Cyclic voltammetry gives an electrochemical spectrum of a system, by revealing the 
potential — E, energy per unit charge (Volts, V) — required to perform an 
oxidation/reduction (redox) process on that system [2]. One can also measure parameters 
such as formal redox potential as well as evaluate electron transfer kinetics (and therefore 
reaction rates) [1,3]. To create a cyclic voltammetry experiment, the potential of a system is 
varied as a linear function of time. The rate at which the potential is changed over time is 
known as the scan rate — ν (V s−1). As shown in Figure 2.1, the potential is scanned from 
an initial value, E1, to a different value E2 (if the experiment ended here the technique 
would be called linear sweep voltammetry) [3]. Once the potential is at E2, for a cyclic 
voltammetry experiment there are two options. The potential may be returned to E1, thus 
completing one cycle (usually all at the same scan rate). This sequence can then be 
repeated for multi-cycle cyclic voltammetry. However, instead of the basic E1→E2→E1 
cycle, one could scan to a third, different potential E1→E2→E3→E1 [1-4]. 
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Figure 2.1 – Potential-time waveform for cyclic voltammetry. 
 
The potential-time waveforms are the experimental parameters in cyclic voltammetry. The 
resulting current (ampere, A) response is recorded and plotted against potential (volts, V) 
to produce a cyclic voltammogram. For such plots, potential is proportional to time via the 
scan rate. For each cyclic voltammetry experiment the potential window (waveform), 
number of cycles and ν can be varied. The latter can range from sub-mV s−1 to millions-V 
s−1. However, such extreme scan rates present a selection of experimental difficulties e.g. 
low signal to noise ratio (low ν), double layer charging (high ν) and IR drop effects (high 
ν) [1,3,5]. 
 
Cyclic voltammetry can explore many different types of reaction, but these all generally 
fall into three categories reversible, irreversible, and surface-bound processes. 
 
Modern potentiostats are, usually, digitally controlled. The waveform in Figure 2.1 
represents an analogue potential sweep. Digital instruments try to mimic this waveform by 
making small, sometimes controllable, potential steps. 
 
2.1.1.1 Electrode reactions 
 
A typical electrochemical reaction can be represented as shown in Equation 2.1 below 
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! 
O +  ne"⇌ 
! 
R  Equation 2.1 
 
where: O is an oxidised species; n is a number; e− is an electron; and R is a reduced 
species. The heterogeneous rate of electron transfer for this reaction (free from diffusion) 
is influenced by the kinetics of the system. This is described by the Butler-Volmer 
equation 6.  
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Where: I is the total current (A); I0 is the exchange current (A); np is the number of 
electrons transferred prior to the rate-determining step; nq is the number of electrons 
transferred in the rate determining step; βf/b symmetry factor for the forward/back reaction; 
F is the Faraday constant (96485.34 C mol−1); R is the gas constant (8.3145 J K−1 mol−1); T 
is the temperature (K) and η the overpotential (V). The exchange current (I0) is defined as 
 
 
! 
I0 = nFACk0 Equation 2.3 
 
where: n is the total number of electrons; A is the electrode area (cm2); C is the 
concentration in solution (mol cm−3) and k0 is the electrochemical rate constant (cm s−1). 
 
Manipulation and use of these equations leads to Tafel analysis [6]. This allows a 
comparison of experimentally determined data, with theoretically calculated values, by 
linking a value to a possible reaction scheme. Table 2.1 contains some more common 
reaction schemes and their calculated Tafel slope values. 
  
 
 
 
Advances in electrochromic materials 
 
72 
Table 2.1 – Calculated Tafel slopes for various electrochemical reactions. Where: E is a 
electrochemical step; C is a chemical step; D is a dimerization and Δ is Fη/2λm (where λm is the 
reorganisation energy per mole). The circumflex accent denotes the rate-determining step (all 
values assume T = 298 K). Table is taken from Fletcher, S. Tafel slopes from first principles. J. 
Solid State Electrochem. 13, 537-549 (2009). 
Reaction scheme Tafel slope b (mV decade-1) 
ĈE ∞ 
ĈED ∞ 
Ê 120/(1−Δ) 
ÊE 120/(1−Δ) 
ÊEE 120/(1−Δ) 
ÊC 120/(1−Δ) 
ÊCE 120/(1−Δ) 
CÊ 120/(1−Δ) 
CÊD 120/(1−Δ) 
EĈ 60 exactly 
EĈE 60 exactly 
EÊ 40/(1−Δ/3) 
EÊE 40/(1−Δ/3) 
ECÊ 40/(1−Δ/3) 
EEĈ 30 exactly 
CEĎ 30 exactly 
EEÊ 24/(1−Δ/5) 
EEEĈ 20 exactly 
 
2.1.1.1.1 Reversible, quasi-reversible and irreversible reactions 
 
A theoretical voltammogram for a reversible reaction involving a soluble species under 
diffusional control is shown in Figure 2.1. 
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Figure 2.1 – A cyclic voltammogram for a reversible system. Created using DigiSim® with an A + e 
= B mechanism, where: Epa/c are the peak anodic/cathodic potential (V); and Ipa/pc are the peak 
anodic/cathodic current (A). Using the DigiSim® parameters: Estart +0.5 V; Eswitch –0.5 V; Eend +0.5 V; 
ν 50 mV s−1; T 298.2 K; planar electrode geometry; A 1.0 cm2; initial concentration of A, 0.001 mol 
dm−3; using the semi finite diffusion model. 
 
The total charge produced for the oxidation and reduction reactions, independently, is not 
equal for this experiment as only species A is present initially. Once species B is created it 
will diffuse away from the electrode, due to concentration gradients, into the bulk solution. 
This is then unable to be re-oxidised, on the time scale of this experiment. 
 
Ipa is calculated by a linear extrapolation of the falling Ic to create a baseline. However, the 
diffusional nature of this current decay means a t1/2 extrapolation should be made, not a 
linear one (although this gives a good approximation).  
 
Altering the scan rate of such systems has a profound effect on the magnitude of the 
current in the voltammogram (Ip ∝ ν ½ for faradaic processes), as demonstrated in Figure 
2.2. 
 
Advances in electrochromic materials 
 
74 
 
Figure 2.2 – Increasing ν (5, 10, 25, 50, 100 and 200 mV s–1) cyclic voltammograms for a reversible 
system. Created using DigiSim® with an A + e = B mechanism, where: Epa/pc are the peak 
anodic/cathodic potential (V); and Ipa/pc are the peak anodic/cathodic current (A). Using the 
DigiSim® parameters: Estart +0.5 V; Eswitch –0.5 V; Eend +0.5 V; T 298.2 K; planar electrode geometry; 
A 1.0 cm2; initial concentration of A, 0.001 mol dm–3; using the semi finite diffusion model. 
 
This specific peak current/scan rate relationship exists because at faster scan rates less time 
is spent at each potential and so the diffusion layer at the electrode’s surface will be thinner 
and the flux of material greater [2,4]. This relationship was contemporaneously solved (for 
linear potential scans) by Randles [7-8] and Ševčík (cited in [4]) independently. It was 
initially shown that current is proportional to the square root of the scan rate and the 
diffusion coefficient in the equation 
 
 
! 
I( t) = nFAC "D
nF
RT
# 
$ 
% 
& 
' 
( ) *( t) Equation 2.4 
 
where I(t) is the current as a function of time (A, s); n the number of electrons; F is the 
Faraday constant; A the electrode area (cm2); C the concentration (mol cm−3); D the 
diffusion coefficient (cm2 s−1); R is the gas constant; T is the temperature (K); ν the scan 
rate (Vs−1); and χ(t) is the dimensionless current function. 
 
Advances in electrochromic materials 
 
75 
For a reversible system the maximum value of 
! 
"#  is 0.4463 (found numerically). 
Therefore the maximum current is (the Randles and Ševčík equation) 
 
 
! 
Ip = 0.4463nFAC
nF"D
RT
 Equation 2.5 
 
where: Ip is the peak current (A). However, if the temperature is assumed to be 298 K (25 
°C) then the equation becomes 
 
 
! 
Ip = 2.69 "10
5 n 3 2AC D#  Equation 2.6 
 
where the constant 2.69 × 105 has the units C mol−1 V−½.  
 
Sometimes when O is converted to R (or vice versa) it can become electro-inactive or 
undergo a further process (e.g. chemical, dimerization), which subsequently also renders 
the species electro-inactive. This is an irreversible system [2]. A simulated voltammogram 
for an irreversible species is shown below. 
 
 
Figure 2.3 – A cyclic voltammogram for a irreversible system. Created using DigiSim® with an A + e 
= B, B = C mechanism, where: Epa/c are the peak anodic/cathodic potential (V); and Ipa/pc are the 
peak anodic/cathodic current (A). Using the DigiSim® parameters: Estart +0.5 V; Eswitch –0.5 V; Eend 
+0.5 V; ν 50 mV s−1; T 298.2 K; planar electrode geometry; A 1.0 cm2; initial concentration of A, 
0.001 mol dm−3; using the semi finite diffusion model. 
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Noticeably there is no reverse process in Figure 2.3. The species is reduced, but the 
produced species cannot be oxidized back to its original state.  
 
The previous systems apply to solution species that are under diffusional control. 
However, if a species is bound to the electrode’s surface the voltammetric response is very 
different. Different kinetics are observed for surface bound materials as diffusion of the 
electroactive material to the electrode is no-longer required. Electro-active materials can be 
‘surface-attached’ in several different ways. Examples include (but are not limited to): 
adsorption mechanisms; electrodeposition and abrasive transfer [9]. A theoretical 
voltammogram for a surface bound species is presented in Figure 2.4. 
 
 
Figure 2.4 – A theoretical cyclic voltammogram for a reversible surface bound system. Created 
using DigiSim® with an A + e = B mechanism, where: Epa/c are the peak anodic/cathodic potential 
(V); and Ipa/pc are the peak anodic/cathodic current (A). Using the DigiSim® parameters: Estart +0.5 
V; Eswitch –0.5 V; Eend +0.5 V; ν 50 mV s−1; T 298.2 K; planar electrode geometry; A 1.0 cm2; initial 
concentration of A, 0.001 mol dm−3; using a finite diffusion volume model. 
 
Figure 2.4 shows two perfectly symmetrical peaks, exactly aligned. Experimentally such 
systems rarely exist, as there is usually some peak separation. In certain cases one redox 
state of a species may be soluble, and another insoluble (e.g. metals, type II electrochromic 
materials). Such materials may exhibit voltammograms where one redox wave has a 
diffusional tail with the reverse process similar to curves observed in Figure 2.4. Unlike 
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diffusion controlled species, Ip ∝ ν for surface bound materials. This relationship is 
demonstrated in Equation 2.7. 
 
 
! 
Ip =
n2F 2
4RT
"A# * Equation 2.7 
 
Ip is the peak current (A); n is the number of electrons; F is the Faraday constant (96485.34 
C mol−1); R is the gas constant (8.3145 J K−1 mol−1); ν is the scan rate (V s−1); A is the 
electrode area (m2) and Γ* is the total concentration of the surface bound species (mol 
cm−2). This equation is derived from first principles, the details of which are explained 
concisely in Bard, A. J. & Faulkner, L. R., Electrochemical methods, fundamentals and 
applications. Chapter 14: Electroactive layers and modified electrodes. 2nd Ed., Wiley, 
New York (2001) 580-631. 
 
Although diffusion of the electro-active species is no longer an experimental condition; a 
rate-limiting step still exists e.g. electron diffusion through a film, counter-ion diffusion 
into a film etc. [9].  
 
There is a series of diagnostic tests formulated to enable electrochemists to characterize 
reactions i.e. reversible, irreversible or surface bound [1-3]. Species must meet all of the 
criteria set out in the diagnostic tests or they are deemed quasi-reversible. This can arise 
when the rate of mass transport (and so electron transfer), is insufficient to maintain 
Nernstian equilibrium. 
 
2.1.2 Chrono-techniques 
 
There are three common electrochemical techniques that fall under this general heading: 
chronoamperometry; chronopotentiometry; and chronocoulometry. Controlling potential or 
current respectively over time. Despite controlling different parameters all three techniques 
share the same waveform [5,10]. This is shown in Figure 2.5 for chronoamperometry. 
However, replacing potential with either current (A) produces its respective waveform, 
where similar principles apply. 
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Figure 2.5 – Potential-time waveform for chronoamperometry. 
 
In Figure 2.5 E1/2/3 denote different potential values and tx denotes a period of time from a 
starting potential (E0). This is in contrast to cyclic voltammetry techniques, which sweep 
through the potential range at a given rate before reaching E1. In chronoamperometry a 
step is made directly to the target potential (E1) [11]. The initial potential (E0, t = 0) can be 
held, in order to condition/equilibrate the system, before being switched to the new 
potential (E1) that is held for a specified time, tx. This is one potential step. This process 
can be repeated any number of times E0→E1→E0→E1→ ... (solid line in Figure 2.5). 
Alternatively, additional potential steps may be introduced to the experimental program 
(E2, E3, dashed line in Figure 2.5). The period of time held at each potential can also be 
changed (tx, ty, in Figure 2.5). These parameters can be arranged any number of ways, to 
produce the desired experiment. This also applies to chronopotentiometry and 
chronocoulometry [1-3]. 
 
Any redox reaction occurring at the electrode’s surface will be diffusion limited (excluding 
special cases e.g. rotating electrodes, nucleation). Chronoamperometry can be used to 
determine the diffusion coefficient of a species, electrode area etc. when combined with 
the Cottrell equation [1,12]  
 
 
! 
I = nFAC
D
"t
 Equation 2.8 
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where: I is current (A); F is the Faraday constant (C mol−1); n is the number of electrons; A 
is the surface area of a planar electrode (cm2); D is the diffusion coefficient (cm2 s−1); and t 
is time (s) [11]. 
 
2.1.3 Cyclic Resistometry  
 
The kinetics of electrode reactions are commonly studied by cyclic voltammetry and 
chronoamperometry. Typical current/potential responses are recorded and then compared 
with theoretical predictions. A possible reaction mechanism(s) can then be assigned [6]. 
However, errors in theoretical models mean that good agreement is rarely, if ever, found. 
This is because various discrepancies in the modelling equations can occur. The diffusion 
coefficient (D / cm2s−1) may be concentration dependent (but it is usually fixed for 
calculations), particularly at high concentrations i.e. > 0.1 mol dm−3. Also, large changes in 
concentration at the electrode surface may cause local density differences and hence 
convection (it is assumed in Fick’s laws that convectional flow is absent) [13]. Another 
major cause of discrepancy is the time-varying electrical resistance caused by phase 
transformations. Cyclic resistometry is able to measure time-dependent resistance changes 
whilst performing other electrochemical methods e.g. cyclic voltammetry [14]. Almost all 
electrochemical setups will, to some extent, exhibit time-varying resistance. At least three 
different components contribute towards this: resistance in the electrolyte solution; 
resistance inside the electrode; and resistance at the electrode/solution interface. It is 
usually the third of these components that makes the largest contribution to any varying 
resistance [14-16]. 
 
The cyclic resistometer interrupts the potentiostat’s standard voltammetric waveform with 
brief, microsecond, square-wave current pulses, (usually, around sixty times a second). 
These fixed amplitude current pulses are fast enough to avoid electrochemical reactions 
and double-layer charging, but not so fast as to avoid creating a potential difference across 
any resistance (or other circuit components) present [14]. The resulting potential 
perturbation is measured and converted into resistance via Ohm’s law 
 
 
! 
V = IR  Equation 2.9 
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where: V is voltage (V); I is current (A) and R is resistance (Ω).  
 
Cyclic resistometry should not be confused with the measurement of IR drop in an 
electrochemical system. The latter can also be measured via current pulse techniques but 
fails to give accurate values for R alone. This is because as I becomes small, electrical 
noise introduces errors, and when I is zero, the measurement is impossible [17].  
 
A typical square-wave current pulse is shown in Figure 2.6.  
 
 
Figure 2.6 – A typical square-wave current pulse used to perturb an electrochemical system by 
cyclic resistometry. 
  
Cyclic resistometry measurements contained within this thesis are specifically on 
electrodeposited materials. Due to the similarities of these materials they all share the same 
theoretical equivalent circuit depicted in Figure 2.7 [14]. 
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Figure 2.7 – An equivalent circuit of a electrochemical system where: R1 (Ω) and C1 (F) are the 
resistance and capacitance within the deposited film; R2 (Ω) and C2 (F) the resistance and 
capacitance at the double layer; R3 (Ω) is the resistance between the potentiostat/electrode surface 
and R4 (Ω) is the resistance in solution. 
 
This equivalent circuit assumes that the interphasial region between the electrode and the 
film is an ohmic contact, not a Schottky barrier (i.e. a plot of I-E at the boundary would be 
linear and symmetric) [18]. Hence no RC circuit is present at this boundary. 
 
When a resistor and a capacitor are in series with a current flowing, the capacitor becomes 
charged. When the circuit is switched off the capacitor will discharge into the resistor 
(Kirchhoff’s current law) [19-20]. The potential across this circuit decays exponentially over 
time. The time taken to fall to e−1 of the initial value is called the decay constant and is 
calculated by Equation 2.10 for a RC series 
 
 
! 
" = RxCx  Equation 2.10 
 
where: τ is the decay constant (s); Rx is the resistance (Ω) and Cx the capacitance (F) of the 
single parallel circuit (where x acts as a circuit component identifier). Because of the two 
RC circuits present, there are two different limiting responses to the system.  
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The impedance of a resistor is in-fact the resistance. However, the impedance of a 
capacitor (or for that matter an inductor) is dependent on frequency. These two 
relationships are shown in Equation 2.11 and Equation 2.12. 
 
 
! 
Z = R Equation 2.11 
 
Equation 2.11 relates resistance to impedance where: Z is the impedance (Ω) and R is the 
resistance (Ω). Equation 2.12 relates capacitance to impedance 
 
 
! 
Z = 1j"C  Equation 2.12 
 
Here: Z is the impedance (Ω); j is the imaginary unit; ω is the angular frequency of the 
sinusoidal current signal (rad s−1, where ω = 2πf and with f  being frequency (Hz)) and C is 
the capacitance (F). 
 
At high frequencies, values of Z (for a capacitor) fall towards zero and so in the RC 
parallel circuit, current would bypass the resistor completely. Conversely, at low 
frequencies, values of Z (for a capacitor), rise towards infinity and any current would 
solely flow through the resistor. At values between these limits it is predicted that there is a 
shared current path proportional to the impedance values. Since the impedance/resistance 
is related to the potential of the system it is possible to mathematically model different 
potential responses. The formula for creating such models was derived by Deutscher et al. 
[14] and is shown in Equation 2.13. 
 
 
! 
E = "I# R2{[1$ exp($t %2)]u(t) $ [1$ exp($[t $T] %2]u(t $T)}
+"I# R1{[1$ exp($t %1)]u(t) $ [1$ exp($[t $T] %1]u(t $T)}
 Equation 2.13 
 
E is the potential (V); i is the current pulse amplitude (A); t is the time of observation (s); 
τ1/τ2 are the R1C1/R2C2 decay constants from the equivalent circuit model (s); T is the total 
time duration (s) and u is the Heaviside unit step function. This formula produces a 
theoretical potential-time response from a square-wave current pulse. Using the current 
pulse for the equivalent circuit in Figure 2.7 
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! 
I(t) = "I[u(t) # u(t #T)] Equation 2.14 
given that 
 
 
! 
u(t) = 0, t < 01, t " 0
# 
$ 
% 
 Equation 2.15 
 
a Heaviside unit step function as a discrete variable of t, where: u is the Heaviside unit step 
function and t is time (s). A spreadsheet was constructed using these equations and its 
various parameters manipulated to create the example potential responses shown in Figure 
2.8. 
 
The following definitions apply τ1 = R1C1 and τ2 = R2C2. If τ1 < 0.1 τ2 then it is possible to 
use a rectangular bipolar pulse of duration τ1 < T < τ2 to determine R1 — typically the 
double layer will charge in milli-seconds and electroactive deposits in micro-seconds, 
which fulfils these criteria. 
 
In order to measure the resistance accurately it is a requirement that a reliable estimate of 
the asymptotic limit (t→∞) is reached. However, the capacitance of this circuit can also be 
calculated. The current/potential relationship for a capacitor is shown in Equation 2.16. 
 
 
! 
I = C
"E
"t
 Equation 2.16 
 
Where: I is the current (A); C is the capacitance (F); E is the potential (V) and t is the time 
(s). 
 
For all the potential-time transients shown in Figure 2.8, the gradient of the potential-time 
transient will be ∂E/∂t. Thus the capacitance — ideally as close to the asymptotic limit 
(t→0) as possible, giving a reliable estimate of 1/C — can be calculated [14,16]. 
 
All of the theoretical potential responses above assume linearity. If τ altered upon 
switching the current sign, a non-linear system would be observed and thus no response 
would be recorded. It is thought that these circuit elements could also be modelled. 
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However, this goes beyond the scope of the work reported in this thesis but would be an 
interesting direction to take for future work with the cyclic resistometer [14]. 
 
 
Figure 2.8 – Some theoretically modelled voltage responses for the assumed equivalent circuit 
system. A) the ideal voltage response where τ1 << t < τ2; B) a typical response where τ 1 < t < τ 2; C) 
when C1 becomes more involved and t < τ 1 and D) where C1 dominates and t << τ 1. 
 
2.1.4 UV-vis spectroelectrochemistry 
 
Spectroelectrochemistry covers a broad and versatile range of techniques that can be used 
to calculate reaction mechanisms, determine intermediate species, redox reversibility and 
concentrations. When studying electrochromic material, spectroelectrochemistry typically 
Advances in electrochromic materials 
 
85 
refers to the monitoring of a system’s UV-vis spectral response to electrochemical 
perturbations. However, spectroelectrochemistry can also monitor levels: reflection; 
ellipsometric; infrared; raman; electron spin resonance; surface plasmon resonance; and 
auger electron spectroscopy [1,21-23]. 
 
UV-vis spectroscopy is used extensively in quantitative analysis i.e. it can be used to 
calculate the amount of a compound present in solution, or to determine the samples molar 
extinction coefficient. The relationship between concentration, molar extinction coefficient 
and absorbance is called the Beer-Lambet law and is shown in Equation 2.17. 
 
 
! 
A = "lc  Equation 2.17 
 
Where A is the absorbance, ε is the molar extinction coefficient (mol dm3 cm−1), l is the 
path length of the spectroscopic cell (cm), and c is the concentration (mol dm−3). This 
relationship only holds for light of a single wavelength (monochromatic), and assumes that 
the chemistry of the analyte is not altered at different concentrations.  
 
Analysis of UV-vis spectra can also provide useful information concerning the energies of 
the system being analysed. The energy gap of an electronic excitation can be calculated 
from the Planck relation 
 
 
! 
E = hc
"
= h#  Equation 2.18 
 
where E is the energy (J), h is the Planck constant (J s), c is the speed of light (m s−1), λ is 
the wavelength (m), and υ is the frequency (s−1). In addition to determining concentrations, 
molar extinction coefficients, energies etc. for a species, UV-vis spectroscopy can also be 
used to monitor the kinetics of a system. As A ∝ c, absorbance can replace c in the rate 
equations. 
 
When monitoring the UV-vis spectral response of a system, fast spectral measurements are 
sometimes required (when measuring kinetic measurements). Traditional single beam 
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spectrophotometers would be too slow — unless only monitoring at a single wavelength — 
so instead diode array spectrophotometers are used. 
 
The single beam spectrophotometer emits light from a source (usually a deuterium and/or 
tungsten lamp), which is separated by a monochromator. Each wavelength is selected 
sequentially by rotation of the monochromator; the light then passes through a slit and the 
data is recorded [24]. The key difference between single beam and diode array 
spectrophotometers is that the latter has multiple detectors arranged to simultaneously 
collect data at all wavelengths. Because there are no mechanical moving parts, full 
spectrum measurements can be obtained rapidly (approximately 100 ms for the Hewlett 
Packard 8452A diode array spectrophotometer) [24].  
 
In order to carry out kinetic spectroelectrochemical measurements, the UV-vis spectra cell 
must also act as the electrochemical cell. When measuring in transmission mode, optically 
transparent electrodes are required [23]. Various different optically transparent electrodes 
are discussed in Chapter 1. Spectroelectrochemical experiments conducted for this thesis 
used a standard 1 cm pathlength UV-vis cuvette as the electrochemical cell. A bespoke 
polytetrafluoroethylene (PTFE) lid was constructed, designed to position the working, 
counter and reference electrode. The optically transparent electrode was connected to the 
potentiostat working electrode lead via copper tape (which offered better contact and 
current distribution). Figure 2.9 shows the cell design used. All electrochromic materials 
were studied as dissolved species (type I/II) or as pre-coated films (type III) [21]. 
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Figure 2.9 – Schematic of the spectroelectrochemical setup used for experiments related to this 
thesis. 1) Profile view of the cell, perpendicular to the light source 2) Front view, where the shaded 
area represents that active optically transparent electrode. 
 
Despite some differences in experimental setup, all of the electrochemical techniques used 
in spectroelectrochemistry are the same as those discussed previously (sections 2.1.1, 2.1.2 
and 2.1.3).  
 
2.1.5 X-ray powder diffraction 
 
X-ray powder diffraction is one of the most important characterization tools used by 
scientific researchers today. It is used to characterize a materials structure by determining 
the size and shape of its unit cell. Every crystalline solid has its own unique x-ray powder 
diffraction pattern, as do different phases of the same material. Therefore, this technique is 
used as a method of identifying unknown crystalline materials, determine the ratio of 
different phases present in a material and to characterize the structure of new materials. 
 
A good x-ray powder diffraction sample typically consists of small crystals that are 
between 100 µm and 100 nm and diameter. Samples are powders (polycrystalline 
materials) that are made up of a large number of small, randomly arranged crystals. Due to 
the large number of crystals present all possible orientations of the crystals are present so 
when an x-ray beam hits the sample scattering occurs in every direction. It is a samples 
crystal class, lattice type, symmetry, distribution and composition of atoms and unit cell 
parameters dictate the manner by which it scatters the x-ray beams.  
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X-ray powder diffraction is a fast, versatile and effective way of analysing solid crystalline 
compounds and so is one of the most powerful techniques avalible for qualitative and 
quantitative analysis. The ability to analyse samples that are prepared as thin films, makes 
it a vital tool for the electrochromic researcher. 
 
2.2 Apparatus 
 
2.2.1 Instrumentation  
 
Electrochemistry experiments were all performed used an ECO Chemie Autolab PGSTAT 
20 potentiostat — operated by General Purpose Electrochemical System software (v4.9). 
No IR compensation or noise filters were applied to any experiment. 
 
UV-vis spectroscopy and spectroelectrochemical analysis was performed using a Hewlett 
Packard 8452A diode array spectrophotometer. Background scans were subtracted from all 
spectra. A typical background scan consisted of: the spectroelectrochemical cell; clean 
optically transparent electrode; and the experimental solution.  
 
Powder x-ray analysis was carried out using a Bruker D8 Advance diffractometer, using 
monochromatic CuK α1 radiation at λ = 1.5406 Å and a position sensitive detector (PSD). 
Perspex flat plate sample holders were used to mount the samples and data were collected 
between the 2θ range of 5-90°, using 0.014767° steps over a period of 4 h. 
 
Scanning electron micrographs were produced on a Carl Zeiss 1530 VP Field Emission 
Gun Scanning Electron Microscope (FEG-SEM) with an EDAX Phoenix energy dispersive 
x-ray microanalysis system was used to analyse the morphology of prepared samples. 
 
A Malvern Zetamaster ZEM5002 colloid analyser was used to determine the particle size 
distribution of colloidal suspension. The instrument was calibrated using Nanosphere™ 
size standards (220± 6 nm), which gave a mean measurement of 220.7 nm (over ten 
measurements). The zeta potential of the deposition solution was measured using the same 
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instrument and calibrated using a zeta potential transfer standard (!50– 5 mV), which gave 
a mean reading of 52.3 mV (over ten measurements). 
 
Conductance and resistance measurements were carried out on a Jandel HM20 4-point 
universal probe, calibrated using 100 # and 10 # resistors. 
 
All water used was obtained from a Millipore Milli-Q gradient A10 water filter (18.2 M# 
internal measurement). 
 
Sonication was performed using a Fisher Scientific FB15047 sonic bath. 
 
A LABSYSTEMS 4500 5-50 µl Finnpipette¤ was used to deposit/add small volume of 
solutions. 
 
2.2.2 Electrodes and electrode cleaning 
 
2.2.2.1 Working electrode 
 
Disk electrodes were purchased from Bio Analytical Systems Inc. Platinum and gold disk 
electrodes had a 1.6 mm electroactive diameter, whereas glassy carbon electrodes had a 3.0 
mm electroactive diameter. Platinum wire and flag electrodes were made in-house from, 
99.99+% 0.6 mm diameter wire as drawn (Goodfellow) a platinum foil, 99.9% 0.1 mm 
thick (Aldrich, CAS 7440-06-4). The platinum was spot welded onto a copper wire and 
sealed in a graduated glass tube (to ensure no copper would be in contact with the 
solution). The electrodes had 6 20 mm of platinum wire, and 1 cm2 of platinum foil. This 
resulted in the wire electrodes having an electroactive area of 6 0.00629 cm2 and the flag 
electrodes having 6 2.00629 cm2. 
 
Indium tin-oxide optically transparent electrodes were purchased from Delta Technologies. 
ITO Corning 1737 aluminosilicate glass, 7 x 50 x 0.7 mm, Rs 5-15 # ! "1  (CB-50IN-CUV) 
were used for material analysis, and ITO Corning 1737 aluminosilicate glass, 25 x 25 x 1.1 
mm, Rs 5-15 # ! "1  (CB-50IN-0111) for devices.  
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2.2.2.1.1 Properties of commercial ITO slides 
 
Indium tin-oxide optically transparent electrodes were purchased from Delta Technologies. 
The purchased ITO Corning 1737 aluminosilicate glass, 7 x 50 x 0.7 mm, Rs 5-15 # ! "1  
(CB-50IN-CUV) was used for electrochromic material analysis, and ITO Corning 1737 
aluminosilicate glass, 25 x 25 x 1.1 mm, Rs 4-8 # ! "1  (CB-50IN-0111) for devices.  
 
The resistance square measurements were checked using a four-point conductance probe. 
 
 
 
 
 
 
 
 
Table 2.2 — Resistance square measurements taken on a 4-point universal probe conductance 
instrument, using the 1 mA setting for CB-50IN-CUV conducting glass. 
ITO Sheet 
No. 
1st Reading / #  
! "1  
2nd Reading / #  
! "1  
3rd Reading / #  
! "1  
Average / #  
! "1  
1 12.81 12.76 12.74 12.77 
2 12.70 12.66 12.68 12.68 
3 12.05 12.09 12.34 12.16 
4 12.25 12.16 12.19 12.20 
5 12.15 12.16 12.20 12.17 
6 12.20 12.27 12.22 12.23 
7 13.98 14.11 14.15 14.08 
8 12.20 12.02 12.17 12.13 
9 12.08 12.13 12.12 12.11 
10 12.49 12.56 12.57 12.54 
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The average resistance square for the purchased CB-50IN-CUV slides is 12.51 # ! "1  with 
a standard deviation of 0.036 # ! "1  (taking the mean of three readings per sample, from 
ten samples). This result falls within the manufactures specified range (5-1  # ! "1). 
 
Table 2.3 — Resistance square measurements taken on a 4-point universal probe conductance 
instrument, using the 1 mA setting for CB-50IN-0111 conducting glass. 
ITO Sheet 
No. 
1st Reading / #  
! "1  
2nd Reading / #  
! "1  
3rd Reading / #  
! "1  
Average / #  
! "1  
1 4.86 4.93 4.94 4.91 
2 4.82 4.86 4.93 4.87 
3 4.97 5.10 4.99 5.02 
4 4.84 4.83 4.79 4.82 
5 4.89 4.88 4.90 4.89 
6 5.01 5.03 4.96 5.00 
7 4.92 4.97 4.96 4.95 
8 4.89 4.96 5.00 4.95 
9 4.83 4.93 4.88 4.88 
10 5.07 5.01 4.89 4.99 
The average resistance square for the purchased CB-50IN-0111 slides is 4.93 # ! "1  with a 
standard deviation of 0.044 # ! "1  (taking the mean of three r adings per sample, from ten 
different samples). This result falls within the manufacturerÕs specified range (4-8 # ! "1). 
 
The conducting substrate is sputter coated, as this gives the material better adhesion than 
other techniqiues e.g. magnetron sputtering and spray pyrolysis [25], from a mixture of 
indium(III) oxide (In2O3) and tin(II) oxide (SnO2) in the ratio 9:1. This produces a reduced 
oxide lattice; the final stoichiometric formula was not available (personal communication 
with Delta Technologies personnel).  
 
Surface x-ray powder diffraction was performed on several samples. The x-ray diffraction 
pattern is shown in Figure 2.10. The pattern was compared to those held on the Inorganic 
Crystal Structure Database (ICSD), and was consistent with the compound In1.94Sn0.06O3 
(ICSD code 01-089-4596), tin-doped indium oxide. (N.B. typically the reduced oxide 
lattice species has the general formula In2! xSnxO3!2 x) [25]. Some prominent reflections occur 
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at 21.38° (211), 30.26° (222), 31.75° (321), 35.30° (400), 37.30° (411), 45.44° (431), 
50.67° (440) and 60.35° (622) are in close agreement with those also found in the literature 
[26]. 
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Figure 2.10 - Surface x-ray powder diffraction pattern for a Delta Technologies ITO glass slide (CB-
50IN-CUV). Start 5.000 °; End 89.994 °; Step 0.007 °; Step time 1.5 s; Temperature 292.18 K.  The 
blue tick marks represent the reflections of indium tin oxide ([In1.94Sn0.06]O3, 01-089-4596, body 
centered cubic), stored in the Inorganic Crystal Structure Database. 
 
 
2.2.2.1.2 Etching of comercial ITO slides 
 
Various different etching solutions were tested in order to find the most suitable, for 
removing the ITO coating. The solutions and results are listed below [27-28]. 
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• Aqua regia (hydrochloric acid/nitric acid, 50:50). 
• An aqueous solution of potassium hydroxide (10.0 mol dm−3) and one drop of 
surfactant. 
• An aqueous solution that consisted of hydrochloric acid (20.0%), nitric acid 
(10.0%) and one drop of surfactant. 
• An aqueous solution that contains sulphuric acid (5.0%). 
• An aqueous solution of hydrochloric acid (6.0 mol dm−3) and iron(III) chloride 
(0.20 mol dm−3). 
• An aqueous solution that contains hydrochloric acid (5.0%). 
• An aqueous solution that contains nitric acid (5.0%). 
 
From the above techniques, it was found that the aqueous solution of hydrochloric acid 
(6.0 mol dm−3) and iron(III) chloride (0.20 mol dm−3), gave the best results (i.e produced 
the cleanest edges and fastest etch time). The final procedure is given in Chapter 2 –
Theory and experimental. A graph showing the ITO substrate’s resistance as a function of 
time when subject to an etching solution is shown in Figure 2.11 below. 
 
 
Figure 2.11 – A graph showing the Delta Technologies ITO glass slide’s (CB-50IN-0111) 
resistance as a function of time when subject to the final etching solution, which was an aqueous 
solution containing hydrochloric acid (6.0 mol dm−3) and iron(III) chloride (0.20 mol dm−3). 
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Scanning electron micrographs were taken of the etched edge of a Delta Technologies ITO 
glass slide (CB-50IN-CUV). The images are shown in Figure 2.12. It is clear that the 
etching solution has some affect on the ITO at the edge, but by no more than 610 µm. 
 
 
Figure 2.12 — Scanning electron micrographs of the etched edge of a Delta Technologies ITO glass 
slide (CB-50IN-CUV). (1) 2,000 % magnification (2) 50,000 % magnification. 
 
 
 
 
2.2.2.2 Counter electrodes 
 
Counter electrodes were made in-house from Aldrich platinum gauze, 99.9%, 52 mesh 
(CAS 7440-06-4) and were fabricated as described for platinum wire/flag electrodes, 
creating a mesh-flag style electrode, where the flag is approximately 2 & 1 cm in size. 
 
2.2.2.3 Reference electrodes 
 
All experiments involving a three- lectrode setup used a Ag/AgCl in 3.0 mol dm!3  sodium 
chloride as the reference electrode, purchased from Bio Analytical Systems Inc., except 
when performing cyclic resistometry experiments where a Ag/Ag+ wire reference is used 
(most commercial reference electrodes have RC time constants that are too high for such 
high frequency measurements).  
Advances in electrochromic materials 
 
96 
2.2.2.4 Electrode cleaning 
 
In preparation for each experiment, the electrodes were cleaned to remove any possible 
contaminants. Disk electrodes were polished on 0.3 µm alumina powder (Kemet, Alpha 
Alum. Powder, 600242) and a Buehler polishing cloth (Microcloth¤  with adhesive 
backing, 40-7218). The electrodes were then washed in a 50/50 mix water/concentrated 
nitric acid (Fisher Scientific 70%, CAS 7697-3 -2), before being sonicated in pure water. 
Non-polishable electrodes (sheets, wires etc.) were flame treated and washed in 
concentrated nitric acid, followed by triply distilled water. Indium tin-oxide coated glass 
sides were sonicated in a 20:1 solution of propan-2-ol (CAS 67-63-0, 32% aqueous stock 
solution) and ethanolamine (CAS 141-43-5, 798% from Alfa Aesar); and wiped dry with a 
lint-free wipe (Kimtech, 05511). The electrodes were left then to air dry, after a short blast 
of pure nitrogen gas to remove most of the residual water. These cleaning techniques were 
applied before every experiment and between most runs. If any other specific cleaning 
methods were used, they will be discussed in the relevant experimental section. 
 
2.2.3 Glassware 
 
All glassware used was sourced from reputable glassware providers such as MBL 
ENGLAND, E-MIL Gt. Britain, Fisherbrand and Ilmaber Germany. Customized 
glassware, such as specially designed electrochemical cells, was made by a glassblower 
(Loughborough University). Various different cells were used depending on the volume of 
the cell solution required etc. However, they were all based on the design shown in Figure 
2.13. 
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Figure 2.13 – Drawing of a typical electrochemical cell design 
 
2.2.4 Computer software 
 
Manipulation of collected data was carried out on Microsoft® Excel® (2004 v11.5.1) 
spreadsheet software or Sigma Plot 9.0. ChemDraw (v10.0) was used to draw molecules. 
DigiSim® electrochemical simulation software (v2.1) was used to model some 
electrochemical processes. 
 
2.2.5 Chemicals 
 
All chemicals were purchased from Sigma Aldrich unless otherwise stated. 
 
2.3 Experimental 
 
2.3.1 Virtual colorimeter experiments 
 
3′,6′-Dioxy-2′,4′,5′,7′-tetraiodospiro[isobenzofuran-1(3h)9′-(9h)xanthene]-3-one di sodium 
salt (Erythosin B, CAS 16423-68-0); disodium 5-methyl-2-[[4-(4-methyl-2-sulfonato-
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anilino)-9, 10-dioxoanthracen-1-yl]amino]benzenesulfonate (Acid green 25, CAS 4403-
90-1); disodium 1-amino-9, 10-dioxo-4-[3-(2-sulfonatooxyethylsulfonyl)anilino]anthra-
cene-2-sulfonate (Remazol Brilliant Blue R, CAS 2580-78-1); potassium chloride (≥99%, 
CAS 7447-40-7); potassium bromide (99%, CAS 7758-02-3); and 1′-di-methyl-4,4′-
bipyridilium dichloride (≥99.5%, methyl viologen, CAS 1910-42-5); and 1,1′-di-n-heptyl-
4,4′-bipyridilium dibromide (97%, heptyl viologen, CAS 6159-05-3) were all purchased 
from Sigma Aldrich and used without further purification. 
 
Electrochemical and spectroelectrochemical measurements for methyl viologen dichloride 
(MV) and n-heptyl viologen dibromide (HV) solutions were performed with a three-
electrode setup, using a glassy carbon or ITO-glass working electrodes, a platinum gauze 
counter electrode and a Ag/AgCl (3.0 mol dm−3 NaCl) reference electrode. Potassium 
chloride (1.0 mol dm−3) for MV or potassium bromide (1.0 mol dm−3) for HV, and the 
respective viologen salt (2.0 mmol dm−3) were dissolved in water (100 cm3). Solutions 
were de-gassed with molecular nitrogen for 10 min prior to any 
electrochemical/spectroelectrochemical study. 
 
2.3.2 Electrochromic materials 
 
2.3.2.1 Prussian Blue 
 
Electrodeposition: Prussian Blue thin-films were coated onto various different electrodes 
by three different electrochemical methods. Each of these is outlined below. 
 
Chronoamperometry – The aqueous deposition solution (set at pH 2 via addition of 
hydrochloric acid, CAS 7647-01-0, 32% aqueous stock solution from Fisher Scientific) 
consisted of potassium hexacyanoferrate(III) (5.0 mmol dm−3, CAS 13746-66-2, ≥99%), 
iron(III) chloride anhydrous (5.0 mmol dm−3, CAS 7705-08-0, ≥99.99%) which was added 
≈30 mg at a time with vigorous stirring, and potassium chloride (0.2 mol dm−3, CAS 7447-
40-7, ≥99%). The solution’s colour changed from deep red to brown upon the addition of 
potassium chloride). Once prepared the solution was deoxygenated using N2 gas for 10 
min [29]. 
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After the cell was setup, an initial potential of 1.0 V (vs. Ag/AgCl, 3.0 mol dm−3 NaCl) 
was held for 10 s before the potential was stepped to 0.5 V and held for x s (x varied 
depending on desired thickness, typically 600 s). The coated electrode was then rinsed with 
water before any further use. 
 
Chronopotentiometry – Uses the same solution described for chronoamperometric 
deposition. Once the cell was prepared a constant current of −15 µA cm−2 was applied for x 
s (x varied depending on desired thickness, but was typically 60 s). 
 
Cyclic voltammetry – An aqueous solution (set at pH 2 via addition of hydrochloric acid, 
CAS 7647-01-0, 32% aqueous stock solution) from Fisher Scientific, consisting of 
potassium hexacyanoferrate(II) trihydrate (0.5 mmol dm−3, CAS 14459-95-1, ≥99%), 
iron(III) chloride anhydrous (0.5 mmol dm−3, CAS 7705-08-0, ≥99.99%) shaken 
vigorously on addition, and potassium chloride (40 mmol dm−3, CAS 7447-40-7, ≥99%) 
was made. The solution was then deoxygenated using N2 gas for 10 min and sonicated for 
10 min. The final solution exhibited to deep blue colour. 
Once transferred to the electrochemical cell the potential was held at −0.3 V for 5 s and 
then cycled, −0.3 V → +1.0 V → −0.3 V (vs. Ag/AgCl), n times (typically 50) at 50 
mVs−1. 
 
Dip-coated deposition: Three separate aqueous solutions (100 ml) were made up and 
placed on the dip-coated carousel. (a) iron(III) chloride anhydrous (40 mmol dm−3, CAS 
7705-08-0, ≥99.99%) containing hydrochloric acid (0.1 mol dm−3, CAS 7647-01-0, 32% 
aqueous stock solution from Fisher Scientific), (b) potassium hexacyanoferrate(II) 
trihydrate (40 mmol dm−3, CAS 14459-95-1, ≥99%) containing hydrochloric acid (0.1 mol 
dm−3, CAS 7647-01-0, 32% aqueous stock solution from Fisher Scientific) and (c) pure 
water. Where (a), (b) and (c) are also different positions on the rotating carousel. The 
electrode, to be coated, was immersed in solution (a) for 60 s, (c) for 30 s, (b) for 60 s and 
(c) for 30 s. This sequence was repeated for the desired number of times [30]. This 
deposition technique is here after referred to as directed multilayer assembly.  
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All Prussian Blue electrodes (regardless of deposition method) were subjected to 20 
conditioning cycles before electrochemical and electrochromic properties were 
investigated. This is because Prussian Blue is deposited as insoluble Prussian Blue, which 
is converted to soluble Prussian Blue by cycling in a potassium electrolyte salt. The terms 
soluble and insoluble refer not to the compounds solubility but its ability to be peptized [31]. 
All conditioning cycles were performed in aqueous solutions containing potassium 
chloride (0.2 mol dm−3, CAS 7447-40-7, ≥99%), and cycled between +0.5 V → −0.2 V → 
+0.5 V vs. (Ag/AgCl), at 50 mVs−1. 
 
Cyclic resistometry: Prussian Blue films were electrodeposited, using chronoamperometry 
(t = 6000 s), onto platinum wire electrodes. Large deposition times were required in order 
to guarantee contiguous films, ensuring no alternative current pathways were present. The 
electrochemical cell was set up using a platinum gauze counter electrode and a silver wire 
(Ag/Ag+) reference electrode. In order to monitor any resistance changes the potentiostat 
was coupled to an impedometer (custom built) by CSIRO [14]. This allowed measurement 
of the time-dependent resistance of surface films simultaneously with cyclic voltammetry. 
After subjecting to the conditioning routine (for Prussian Blue), the potential was cycled 
between +0.6 V → −0.2 V → +1.0 V → +0.6 V vs. (Ag/Ag+) at 5 mVs−1, whilst the 
impedometer perturbed the system with alternating sign, 3 mA current pulses every 20 µs. 
Both datasets were recorded simultaneously by the potentiostat. 
 
2.3.2.2 Ruthenium Purple 
 
The preparation of Ruthenium Purple films [32-33] was found to be temperamental. 
Considerable time and effort was expended on tracing the source of the difficulties, and a 
full account how of these were resolved is given in Chapter 4. Only the final method is 
described in this section. 
 
Electrodeposition: Ruthenium Purple thin-films were coated onto various different 
electrodes materials using the method described below. In order to fabricate high quality, 
reproducible films, this procedure must be followed exactly (a full explaination of this can 
be found in Chapter 4 – Ruthenium Purple, section 4.2.1) 
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A solution of potassium hexacyanoruthenate(II) (1.0 mmol dm−3, CAS 339268-21-2) was 
prepared by dissolving powdered potassium hexacyanoruthenate(II) hydrate in 
deoxygenated water (25 ml), by bubbling N2 gas for 20 min, containing potassium chloride 
(35 mmol dm−3, CAS 7447-40-7, ≥99%). A separate aqueous solution, of equal volume, 
containing iron(III) chloride anhydrous (1.0 mmol dm−3, CAS 7705-08-0, ≥99.99%) was 
prepared by adding high purity solid, anhydrous iron(III) chloride to deoxygenated water 
(25 ml), by bubbling N2 gas for 20 min, which also contained potassium chloride (35 mmol 
dm−3). The two solutions were then mixed together rapidly with vigorous stirring (creating 
a total volume of 50 cm3). The resulting colloidal suspension of Ruthenium Purple was 
then adjusted to pH 2 by the addition of hydrochloric acid (CAS 7647-01-0, 32% aqueous 
stock solution) from Fisher Scientific. Whilst sonicating and further deoxygenating with 
N2, ruthenium(III) chloride (CAS 14898-67-0, ≥99.99%) was added to the suspension by 
pipetting 1 ml of a 1 mmol dm−3 aqueous ruthenium(III) chloride solution, to give a final 
ruthenium(III) chloride concentration of 20 µmol dm−3 (in a final solution/colloidal 
suspension volume of 51 cm3). Once transferred to the electrochemical cell the potential 
was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl), n 
times (typically 50) at 50 mVs−1. 
The Ruthenium Purple deposition solution must be prepared fresh and used within circa 4 
h. After this the colloids start to aggregate and the Ruthenium Purple collects at the bottom 
of the container. Currently no method of preventing this has been found. 
 
Dip-coated deposition: Three separate aqueous solutions (100 ml) were made up and 
placed on the dip-coated carousel. (a) iron(III) chloride anhydrous (40 mmol dm−3, CAS 
7705-08-0, ≥99.99%) containing hydrochloric acid (10 mmol dm−3, CAS 7647-01-0, 32% 
aqueous stock solution from Fisher Scientific), (b) potassium hexacyanoruthenate (II) 
hydrate (40 mmol dm−3, CAS 339268-21-2) containing hydrochloric acid (10 mmol dm−3, 
CAS 7647-01-0, 32% aqueous stock solution from Fisher Scientific) and (c) pure water. 
Where (a), (b) and (c) are also different positions on the rotating carousel. The electrode, to 
be coated, was immersed in solution (a) for 60 s, (c) for 30 s, (b) for 60 s and (c) for 30 s. 
This sequence was repeated for the desired number of times [30]. This deposition technique 
is here after referred to as directed multilayer assembly.  
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All Ruthenium Purple electrodes were subjected to 20 conditioning cycles before 
electrochemical and electrochromic properties were investigated. All conditioning cycles 
were performed in aqueous solutions containing potassium chloride (0.2 mol dm−3, CAS 
7447-40-7, ≥99%), and cycled between +0.6 V → −0.2 V → +0.6 V vs. (Ag/AgCl), at 50 
mVs−1. 
 
Cyclic resistometry: Ruthenium Purple films were electrodeposited, using cyclic 
voltammetry (n = 50), onto platinum wire electrodes. The electrochemical cell was set up 
using a platinum gauze counter electrode and a silver wire reference electrode. After 
subjecting to the conditioning routine (for Ruthenium Purple), the potential was cycled 
between +0.6 V → −0.2 V → +0.6 V vs. (Ag/Ag+) at 5 mVs−1, whilst the impedometer 
perturbed the system with alternating sign, 3 mA current pulses every 20 µs. Both datasets 
were recorded simultaneously by the potentiostat. 
2.3.2.3 Electrochemistry and spectroelectrochemistry of metal hexacyano-
metallates 
 
The electrochemistry of Prussian Blue and Ruthenium Purple films were studied using a 3-
electrode setup, using platinum, gold, glassy carbon or RAM™ working electrodes, a 
platinum gauze counter electrode and an Ag/AgCl (3.0 mol dm−3 NaCl) reference 
electrode. Aqueous solutions containing potassium chloride (various concentrations, CAS 
7447-40-7, ≥99%) were used as supporting electrolyte, unless otherwise stated. Solutions 
were de-gassed with molecular nitrogen for 10 min prior to any electrochemical study. The 
specific details of each experiment are contained within the relevant figure captions e.g. 
potential limits, scan rate etc. 
 
The same solutions were used for spectroelectrochemical studies, but using ITO (CB-
50IN-CUV) working electrodes, and a spectroelectrochemical cell. 
 
2.3.2.4 Viologens 
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2.3.2.4.1 Electrochemistry and spectroelectrochemistry 
 
The electrochemistry of methyl viologen (1,1′-di-n-methyl-4,4′-bipyridilium dichloride, 
CAS 1910-42-5, ≥99.5%), and heptyl viologen (1,1′-di-n-heptyl-4,4′-bipyridilium 
dibromide, CAS 53721-12-3, ≥99%), were studied using a three-electrode setup, using 
glassy carbon or RAM™ working electrodes, a platinum gauze counter electrode and a 
Ag/AgCl (3.0 mol dm−3 NaCl) reference electrode. Potassium bromide (20 mmol dm−3, 
CAS 7758-02-3, ≥99%) and the viologen species (0.1 mmol dm−3) were dissolved in water 
(100 cm3). The solution was de-gassed with molecular nitrogen for 10 min prior to any 
electrochemical study. (When methyl viologen was used, potassium chloride (CAS 7447-
40-7, ≥99.5%) replaced the potassium bromide) 
 
The same solutions were used for spectroelectrochemical studies, but using ITO (CB-
50IN-CUV) working electrodes, and a spectroelectrochemical cell. 
 
2.3.3 Electrochromic devices 
 
2.3.3.1 Fabrication 
 
ITO glass slides (CB-50IN-0111) were etched in preparation for use in electrochromic 
device fabrication. This was performed by covering the conducting surface with Scotch™ 
Magic Tape (3M, 12.7 mm by 32.9), exposing the area to be etched by cutting out the 
desired pattern (Figure 2.14). 
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Figure 2.14 - ITO glass slide (CB-50IN-0111, 25 × 25 × 1.1 mm) with the desired etching pattern 
exposed. The shaded areas indicate where the Scotch™ Magic Tape is present. 
 
An etching solution is made by dissolving iron(III) chloride anhydrous (0.2 mmol dm−3, 
CAS 7705-08-0, ≥99.99%) into an aqueous solution (25 ml) containing hydrochloric acid 
(6.0 mol dm−3, CAS 7647-01-0, 32% aqueous stock solution). The solution was then 
heated to 50 °C in a water bath [34-35]. The slides were immersed in the solution for 90 s, 
sufficient time to completely remove the ITO coating. Measuring the slide’s conductance 
checked that the etching process was complete. (Various different etching solutions were 
tested; further details can be found in Appendix A). 
 
One pair of etched ITO coated glass slides are required to create an electrochromic device. 
One slide was coated with a type III electrochromic material (the metal 
hexacyanometallates Prussian Blue and Ruthenium Purple). Spacers (Teflon sleeves, 5 µm 
thick), were then secured to three sides of the slide via epoxy resin (Hysol®, Loctite 1C™) 
and positioned where ITO had been etched away, and allowed to set (leaving the top edge 
free). Copper tape was then attached to the top edge of both slides, at the point where the 
ITO extends to the edge of the slide. Epoxy was used to secure the second slide onto the 
first, creating a tiny volume between the slides (this volume is controlled by the spacer and 
the importance of its thickness discussed in Chapter 5). 
 
The solution layer is then added by: using a micro-bore needle to inject it through the top, 
unsealed side; or gently squeezing together the device and placing the unsealed edge into 
the desired solution and releasing (allowing the device to fill via capillary action). The 
solution contained both the supporting electrolyte and a second electrochromic material 
(either type I or type II, typically a viologen). Before adding the solution layer the cell is 
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filled with ascorbic acid (10 mmol dm−3, CAS 50-81-7, ≥99.99%) solution, so that the 
hexacyanometallate films were in the reduced state. An exploded schematic of the final 
electrochromic device used can be found in Figure 2.15. 
 
 
Figure 2.15 – Schematic of the electrochromic device design, with the spacers used omitted for 
clarity. The liquid layer consists of a solvent, supporting electrolyte and secondary electrochromic 
material. 
 
Two type III electrochromic materials were used when fabricating the devices, Prussian 
Blue and Ruthenium Purple. Prussian Blue deposition was performed 
chronoamperometricly, as described in section 2.3.2.1, where t = 5 min. Ruthenium Purple 
deposition was performed electrochemically, as described in section 2.3.2.2, where n = 50 
voltammetric cycles. 
 
2.3.3.2 Electrochemistry and spectroelectrochemistry 
 
Once constructed the electrochromic devices were treated as a two-electrode 
electrochemical system, where the reference lead was connected to the counter electrode 
lead. Devices were setup so the working electrode was always the metal 
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hexacyanometallate film, meaning that a positive potential was required in order to oxidise 
the films to their coloured state (and reduced the other electrochrome at the counter-
reference electrode). Electrochemical and spectroelectrochemical measurements were 
recorded in an identical manner to the three-electrode setup discussed previously. 
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Chapter 3 – Quantifying Colour 
 
3.1 Overview of chapter  
 
In recent years, electrochemists have begun to look at new and better ways of quantifying 
the colour changes that occur in electrochromic materials [1-3]. Traditionally, a UV-vis 
spectrum was regarded as sufficient [4]. However, although a UV-vis spectrum provides an 
objective measure of colour absorption [5-9] in electrochromic materials, it provides little 
insight into the impact on the human eye perception i.e. the subjective experiences of hue, 
saturation and luminance. Colour scientists are more familiar with such concepts, and have 
developed several methods of estimating them [10-12]. Some of these have been incorporated 
into colorimeters, which are commercial devices for measuring tristimulus values. These 
latter are the intensities of red, green, and blue light needed to mimic the effect of a true 
colour on the human retina. 
 
In the ten years since Thompson et al. [1] introduced in situ colorimetry using a portable 
colorimeter to electrochromic material analysis, many research groups around the world 
[3,13-15] have developed it into an efficient method of characterizing electrochromic 
materials. A recent summary is available in Mortimer et al. [16]. 
 
Chromaticity coordinates are simply the relative sizes of the tristimulus values. The history 
and theory of chromaticity coordinates may be found in Appendix B. In the present chapter 
it is shown how it is possible to generate accurate chromaticity coordinates from UV-vis 
spectra. Also described is the development of a user-friendly spreadsheet (based on 
Microsoft® Excel®), which takes UV-vis spectra as input and provides chromaticity 
coordinates as output. This acts as a virtual colorimeter. The program flow chart for this 
process is given in section 3.4. Before describing these developments, however, a brief 
introduction to the working principles of a commercial colorimeter are first provided. 
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3.2 Commercial colorimeters 
 
The Minolta CS-100 provides a good example of a commercial colorimeter. It is described 
as “a lightweight, compact meter for taking non-contact measurements of light sources or 
reflective surfaces” [17]. Figure 3.1 shows a schematic diagram of its internal components.  
 
 
Figure 3.1 - Schematic diagram of the Minolta XS-100 colorimeter. The schematic was taken from 
the Chroma-Meter CS-100. Instruction Manual. 
 
Light having a known spectral power distribution is directed through a sample (for 
transmission measurements, however, reflected light is also used but not discussed here), 
and then enters the colorimeter via the protective filter. After being chopped, the light is 
focused by the objective lens onto the optical fibres, and then split into three channels by 
the optical fibre cable. The intensity of light in each channel is then modified by a 
bandpass filter, which imitates the spectral response of the human eye. The shapes of the 
filter functions are specified by the CIE 1931 (2° Standard Observer, the chromatic 
response of a colour to the average human) [10]. The angle refers to the size (in degrees of 
visual angle) of the split-color target used in the experiments used to derive the color 
matching functions. The filter functions are labelled (a)
! 
x , (b)
! 
y  and (c)
! 
z  in Figure 3.2, 
and are related to the red, green and blue receptors (cones) of the human eye. Each channel 
of filtered light is then integrated by a silicon photocell to give a single value current 
output. The currents are then converted to proportional voltages by analog-to-digital 
converters. Finally, the data are transformed by the microcomputer to values of luminance 
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Y, and chromaticity coordinates x and y [17]. Roughly speaking x measures the red-to-blue 
ratio of the signal, and y measures the green-to-blue ratio. 
 
 
Figure 3.2 – The CIE 1931 2° Standard Observer colour matching functions, where (a) is 
! 
x , (b) is 
! 
y  and (c) is 
! 
z . The data used to create this graph was taken from CIE Technical Report: 
Colorimetry, third ed.; Commission Internationale de l'Éclairage. 
 
It is clear from the above discussion that commercial colorimeters implement the 
measurement of tristimulus values in hardware. In principle, however, the same result 
could be obtained in software. For example, the output of a UV-vis spectrometer could be 
used as input into a suitable computer program. In the present work, such a program based 
on Microsoft® Excel® has been developed and applied to commercially available dyes and 
electrochromic materials. This is very cost-effective and user-friendly approach, compared 
to using a commercial colorimeter. 
 
3.3 Calculation of chromaticity coordinates 
 
In order to generate chromaticity coordinates from the output of a UV-vis spectrometer, a 
computer program must contain numerical data describing the chromatic responses of the 
three types of cone in the human eye. These are known as colour matching functions. They 
can be thought of as the software equivalents of the detectors that yield the CIE tristimulus 
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values X, Y, and Z. The full set of numerical values of these functions constitutes the CIE 
Standard Observer.  
 
The mathematical relationships between the tristimulus values X, Y and Z and the colour 
matching functions
! 
x , y  and 
! 
z  (for CIE 1931 2° Standard Observer) are given by 
 
 
! 
X = I(") x 300
780
# (")d"  Equation 3.1 
 
! 
Y = I(") y 300
780
# (")d"  Equation 3.2 
 
! 
Z = I(") z 300
780
# (")d"  Equation 3.3 
 
where I(λ) is the normalized power spectral density function (distribution), and λ is the 
wavelength.  
 
In order to compute these functions in a spreadsheet it was a requirement to discretize them 
by programming them in the form 
 
 
! 
X = I
"
# (") x (")$"  Equation 3.4 
 
! 
Y = I
"
# (") y (")$"  Equation 3.5 
 
!  
Z = I
"
# (" ) z (" )$"  Equation 3.6 
 
The normalized power spectral density of the sample I(λ) is related to the un-normalized 
power spectral density of the sample ϕ(λ) by the equation 
 
 
! 
I(") = k# (")  Equation 3.7 
 
where the normalizing constant k is 
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  Equation 3.8 
 
The definition of the power spectral density ! (! ) depends upon whether the analyzed light 
is viewed by reflection or transmission. If viewed by reflection then: 
 
 
!  
" R(#) = $(#) S(#) Equation 3.9 
and if viewed by transmission then 
 
 
!  
" T (#) = $(#) S(#) Equation 3.10 
 
In the above equations 4(! ) is the ideal spectral reflectance, "(! ) is the ideal spectral 
transmittance, and S(! ) is the spectral power density of the light source. If S(! ) = 1, the 
light source is also ideal i.e. the light source has the same output at all wavelengths. 
Although chromaticity coordinates can be calculated from reflectance measurements, the 
electrochromic materials discussed within this thesis are setup to operate as transmissive 
devices. Therefore, from hereon all calculations will involve and refer to transmission 
(Equation 3.10). 
 
One can now take an experimental reflectance or transmittance measurement, and with 
knowledge of the power spectral density of the light source, compute the tristimulus values 
X, Y and Z. In order to be able to represent colour in a 2-D space, these can also be 
converted to chromaticity coordinates (x, y, z) by the following equations 
 
 
!  
x =
X
X +Y + Z
 Equation 3.11 
 
!  
y = Y
X +Y + Z
 Equation 3.12 
 
!  
z = ZX +Y +Z =1" x " y  Equation 3.13 
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Finally, the luminance factor YL is defined as the ratio of the luminance of the transmitter 
(Y) to that of a perfect transmitter (Y0) under the same conditions. 
 
 
! 
YL =
Y
Y0
 Equation 3.14 
 
Y is arranged to correspond according to the average luminance curve for an average 
human eye, thus, it is a direct measure of luminosity.  
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3.4 Program flow chart for the “virtual colorimeter” 
 
 
 
 
Figure 3.3 – A flow chart showing the exact sequence of operations performed in the spreadsheet 
to transform UV-vis spectral absorbance data into chromaticity coordinates. 
 
A program flow chart may be used to describe the flow of data through a particular 
computer program. It typically shows the exact sequence of operations performed by that 
program in order to process the data. In the present work the following program flow chart 
corresponds to the logic of the Microsoft® Excel® spreadsheet. 
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3.5 Testing of the virtual colorimeter 
 
In order to demonstrate the versatility of the virtual colorimeter, examples are given for 
dyes and electrochromic materials. 
 
3.5.1 Reproducibility 
 
To assess the reproducibility of the chromaticity coordinates generated by the virtual 
colorimeter, five samples of the three dye compounds: Erythrosin B (red); Acid green 25; 
and Remazol Brilliant Blue R were dissolved in water (1 mmol dm−3) and tested 
independently. These results are shown in Table 3.1, Table 3.2 and Table 3.3. It can be 
seen that the data are reproducible at the level of three significant figures. The chemical 
structures of these dyes are shown in Figure 3.4. 
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Figure 3.4 – Chemical structures of: (1) Erythrosin B; (2) Acid green 25; and (3) Remazol Brilliant 
Blue R. 
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Table 3.1 – xy chromaticity coordinates for the ‘red’ dye Erythrosin B (1 mmol dm−3, CAS 16423-68-
0) dissolved in water. Data were converted from UV-vis absorbance into chromaticity coordinates 
CIE 1931 via the virtual colorimeter, calculated using the spectral power density of a D55 illuminant 
source. Arithmetic mean x = 0.6078 and y =  0.365; Standard deviation x = 0.0004472 and y = 0. 
Sample No. x y 
1 0.607 0.365 
2 0.608 0.365 
3 0.608 0.365 
4 0.608 0.365 
5 0.608 0.365 
 
Table 3.2 – xy chromaticity coordinates for the ‘green’ dye Acid green 25 (1 mmol dm−3, CAS 4403-
90-1) dissolved in water. Data were converted from UV-vis absorbance into chromaticity 
coordinates CIE 1931 chromaticity coordinates via the virtual colorimeter, calculated using the 
spectral power density of a D55 illuminant source. Arithmetic mean x = 0.0858 and y =  0.298; 
Standard deviation x = 0.0004472 and y = 0. 
Sample No. x y 
1 0.086 0.298 
2 0.086 0.298 
3 0.086 0.298 
4 0.085 0.298 
5 0.086 0.298 
 
Table 3.3 – xy chromaticity coordinates for the ‘blue’ dye Remazol Brilliant Blue R (1 mmol dm−3, 
CAS 2580-78-1) dissolved in water. Data were converted from UV-vis absorbance into chromaticity 
coordinates CIE 1931 chromaticity coordinates via the virtual colorimeter, calculated using the 
spectral power density of a D55 illuminant source. Arithmetic mean x = 0.153 and y =  0.045; 
Standard deviation x = 0 and y = 0. 
Sample No. x y 
1 0.153 0.045 
2 0.153 0.045 
3 0.153 0.045 
4 0.153 0.045 
5 0.153 0.045 
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3.5.2 Effect of dilution 
 
A series of experiments was next performed to determine the effects of dilution on the UV-
vis spectra and chromaticity coordinates of the dye compounds in section 3.5.1. The results 
are shown in Figure 3.5, Figure 3.6 and Figure 3.7. In each case, the UV-vis absorption 
spectrum is shown on the left and the location of the dye on the CIE 1931 colour space 
chromaticity diagram is shown on the right. As expected, the colour trajectory is from 
near-monochromatic colour at high concentrations to near colourless at low concentrations. 
The absorbance spectra for the 1.0 mmol dm−3 solutions exceed the limits of the 
spectrophotometer’s accurate detection ability. However, this does not affect the colour 
coordinate data as absorbance measurements are converted to transmittance before 
calculation. Increasing values in absorbance are decreasing in transmittance, which 
asymptote towards zero. 
 
 
Figure 3.5 – UV-vis spectra (1) and CIE 1931 chromaticity coordinates (2), for the ‘red’ dye 
Erythrosin B dissolved in water. Data were measured at the concentrations (a) 1000 µmol dm−3 (b) 
100 µmol dm−3 (c) 10 µmol dm−3 and (d) 1 µmol dm−3. UV-vis spectra were converted into CIE 
1931 chromaticity coordinates via the virtual colorimeter, calculated using the spectral power 
density of a D55 illuminant source. 
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Figure 3.6 – UV-vis spectra (1) and CIE 1931 chromaticity coordinates (2), for the ‘green’ dye Acid 
green 25 (CAS 4403-90-1) dissolved in water. Data were measured at the concentrations (a) 1000 
µmol dm−3 (b) 100 µmol dm−3 (c) 10 µmol dm−3 and (d) 1 µmol dm−3 (not viewable on this scale). 
UV-vis spectra were converted into CIE 1931 chromaticity coordinates via the virtual colorimeter, 
calculated using the spectral power density of a D55 illuminant source. 
 
 
Figure 3.7 – UV-vis spectra (1) and CIE 1931 chromaticity coordinates (2), for the ‘blue’ dye 
Remazol Brilliant Blue R (CAS 2580-78-1) dissolved in water. Data were measured at the 
concentrations (a) 1000 µmol dm−3 (b) 100 µmol dm−3 (c) 10 µmol dm−3 and (d) 1 µmol dm−3 (not 
viewable on this scale). UV-vis spectra were converted into CIE 1931 chromaticity coordinates via 
the virtual colorimeter, calculated using the spectral power density of a D55 illuminant source. 
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3.5.3 Effect of different light sources 
 
The effect of changing the light source was studied for the case of Erythrosin B, at a fixed 
concentration (1 mmol dm−3), the result is shown in Figure 3.8. Due to the near-
coincidence of the data, the data are shown enlarged on the right hand side. It is clear that 
intensely coloured compounds exhibit slight differences in subjective appearance under 
different light sources. (N.B. the cross hair shows the white spot, or point of equal energy, 
where x = y = z = ⅓, this does not change. However, the coordinates for the colour white 
(transparent) do depend on the illuminant source and will change [18]). 
 
 
Figure 3.8 – CIE 1931 chromaticity coordinates (1) and a zoomed in view (2) for the ‘red’ dye 
Erythrosin B (1000 µmol dm−3, CAS 16423-68-0) dissolved in water. The different spectral power 
densities used were for the light sources (a) standard illuminant A (b) standard illuminant D65 (c) 
illuminant C (d) illuminant D50 (e) illuminant D55 (f) fluorescent lamp 1 (F1) and (g) high pressure 
discharge lamps (HP1). 
 
3.6 Quantifying electrochromic colour changes using the 
virtual colorimeter 
 
The virtual colorimeter developed in the present work was now used to quantify the colour 
changes that occur during the redox cycling of electrochromic materials. Methyl viologen 
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(1,1′-dimethyl-4,4′-bipyridinium dichloride), and n-heptyl viologen (1,1′-diheptyl-4,4′-
bipyridinium dibromide), were used as test compounds. Methyl viologen is a well-known 
type I electrochromic material, soluble in aqueous solution in both redox states (MV2+ 
dication salt and MV+● cation-radical salt). By contrast, n-heptyl viologen is a well-known 
type II electrochromic material, soluble in aqueous solution as the HV2+ dication salt but 
insoluble as the HV+● cation-radical salt. Absorbance spectra for methyl viologen at 
various different electrode potentials are shown in Figure 3.9 below. 
 
 
Figure 3.9 – UV-vis absorbance spectra of an aqueous solution containing methyl viologen (2 
mmol dm−3) and potassium chloride (1.0 mol dm−3) at different potentials. UV-vis absorbance 
spectra were recorded every 1 s. In tandem, the potential of a transparent electrode in the solution 
was cycled from 0.0 V → −0.8 V → 0.0 V, at a scan rate of 100 mV s−1. The working electrode was 
conducting, transparent ITO-glass, the counter electrode was a platinum gauze, and the reference 
electrode Ag/AgCl (3.0 mol dm−3 NaCl). The experiment was conducted in a standard, plastic 1 cm 
square cuvette. The arrows indicate the direction of change in absorbance. 
 
It can be seen that the UV-vis absorbance increases as the methyl viologen is reduced to 
the cation-radical, and decreases as the cation-radical is reoxidised. This is observed at 
relatively fast scan rates (100 mV s−1), as this allows re-oxidation before the type I 
electrochromic material can diffuse away from the electrode surface. The voltammogram 
of this process is shown in Figure 3.10, together with the relative luminance obtained from 
the virtual colorimeter. As would be expected, the relative luminance decreases sharply as 
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the dark purple colour, produced by mixed quantities of the monomer (which is blue) and 
dimer (which is red) cation-radicals that are formed. 
 
 
Figure 3.10 – (1) Cyclic voltammogram, (2) integrated voltammogram (with the contribution of O2 
omitted) and (3) calculated relative luminance vs. potential, for reduction/oxidation of methyl 
viologen (2 mmol dm−3) in an aqueous solution containing potassium chloride (1.0 mol dm−3). A 
glassy carbon (A = 0.071 cm2) working electrode, platinum gauze counter electrode and Ag/AgCl 
(3.0 mol dm−3 NaCl) reference electrode were used when recording the voltammogram. Luminance 
data were obtained from the virtual colorimeter. The corresponding numerical data are shown in 
Table 3.4. The arrows indicate the direction of the potential scan. Starting at 0.0 V. 
 
Using the virtual colorimeter it was also possible to generate colour trajectories of the 
electrochromic reactions in the CIE 1931 colour space. These are shown in Figure 3.11, 
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where the parameters x and y represent the red-to-blue ratio, and the green-to-blue ratio, 
respectively. Although the parameters x and y are appear as state functions of each other 
(i.e., no hysteresis), hysteresis is in fact visible when the scales are enlarged. This suggests 
that more than one colour generating process is taking place during the cyclic 
voltammetry. It is known that the methyl viologen cation-radical can dimerize at room 
temperature, in water, shifting the colour from blue towards purple (red-blue), and possibly 
this is the explanation. Supporting evidence in favour of this hypothesis is provided by 
Figure 3.9, which shows that, during the reduction process, the sharp peak at circa 400 nm 
due to the monomer is smaller than the broad peak at circa 360 nm due to the dimer, 
whereas during the oxidation process the situation is reversed [19]. 
 
 
Figure 3.11 – Colour trajectories of electrochromic reactions in the CIE 1931 colour space. (1) 
Reduction and re-oxidation of methyl viologen. (2) Magnified view of the same data. Note the small 
hysteresis possibly related to variations in the monomer/dimer ratio of the methyl viologen radical 
cation. The corresponding numerical data are shown in Table 3.4. 
 
Table 3.4 – Numerical chromaticity coordinates for the electrochemical reduction and re-oxidation 
of methyl viologen (2 mmol dm−3), at an ITO glass electrode, in an aqueous solution containing 
potassium chloride (1.0 mol dm−3). Data obtained using the virtual colorimeter developed in the 
present work using calculated using the spectral power density of a D55 illuminant source. 
E (V) vs Ag/AgCl x y %YL 
0.0 0.334 0.348 100.00 
−0.1 0.333 0.347 99.45 
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−0.2 0.333 0.347 99.17 
−0.3 0.333 0.347 99.31 
−0.4 0.333 0.347 99.35 
−0.5 0.332 0.347 99.14 
−0.6 0.328 0.340 91.43 
−0.7 0.322 0.326 78.13 
−0.8 0.319 0.318 71.94 
−0.7 0.316 0.313 67.87 
−0.6 0.316 0.317 70.88 
−0.5 0.321 0.332 83.37 
−0.4 0.326 0.340 90.81 
−0.3 0.329 0.344 95.70 
−0.2 0.332 0.348 98.52 
−0.1 0.332 0.348 99.38 
0.0 0.333 0.348 99.45 
 
The absorbance spectra for n-heptyl viologen at various different electrode potentials are 
shown in Figure 3.12 below. 
 
 
Figure 3.12 – UV-vis absorbance spectra of an aqueous solution containing n-heptyl viologen (2 
mmol dm−3) and potassium chloride (1.0 mol dm−3) at different potentials. UV-vis absorbance 
spectra were recorded every 1 s. In tandem, the potential of a transparent electrode in the solution 
was cycled from 0.0 V → −0.7 V → 0.0 V, at a scan rate of 100 mV s−1. The working electrode was 
Advances in electrochromic materials 
 
127 
conducting, transparent ITO-glass, the counter electrode was a platinum gauze, and the reference 
electrode Ag/AgCl (3.0 mol dm−3 NaCl). The experiment was conducted in a standard, plastic 1 cm 
square cuvette. The arrows indicate the direction of change in absorbance. 
 
It can be seen that the UV-vis absorbance increases as the n-heptyl viologen is reduced to 
the cation-radical salt, and decreases as the cation-radical is reoxidised. The 
voltammogram of this process is shown in Figure 3.13, together with the relative 
luminance obtained from the virtual colorimeter. As would be expected, the relative 
luminance decreases sharply as the purple cation-radical salt is formed. The diminished 
hysteresis compared with the case of methyl viologen is related to the fact that the cation-
radical of n-heptyl viologen salt is insoluble in aqueous solution.  
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Figure 3.13 – (1) Cyclic voltammogram, (2) integrated voltammogram (with the contribution of O2 
omitted) and (3) calculated relative luminance vs. potential, for reduction/oxidation of n-heptyl 
viologen (2 mmol dm−3) in an aqueous solution containing potassium chloride (1.0 mol dm−3). A 
glassy carbon (A = 0.071 cm2) working electrode, platinum gauze counter electrode and Ag/AgCl 
(3.0 mol dm−3 NaCl) reference electrode were used when recording the voltammogram. Luminance 
data was obtained from the virtual colorimeter. The corresponding numerical data are shown in 
Table 3.5. The arrows indicate the direction of the potential scan. 
 
Once again it was possible to generate colour trajectories of the electrochromic reactions in 
the CIE 1931 colour space using the virtual colorimeter. These are shown in Figure 3.14. 
As seen in the case of methyl viologen, a small amount of hysteresis is observed between 
the parameters x and y during cyclic voltammetry, possibly related to dimerization 
reactions of the cation-radical. 
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Figure 3.14 – Colour trajectories of electrochromic reactions in the CIE 1931 colour space. (1) 
Reduction and re-oxidation of n-heptyl viologen. (2) Magnified view of the same data. Note the 
small hysteresis possibly related to variations in the monomer/dimer ratio of the n-heptyl viologen 
radical cation. The corresponding numerical data are shown in Table 3.5. 
 
Table 3.5 – Numerical chromaticity coordinates for the electrochemical reduction and re-oxidation 
of n-heptyl viologen (2 mmol dm−3), at an ITO glass electrode, in an aqueous solution containing 
potassium chloride (1.0 mol dm−3). Data obtained using the virtual colorimeter developed in the 
present work calculated using the spectral power density of a D55 illuminant source. 
E (V) vs Ag/AgCl x y %YL 
0.0 0.346 0.359 100.00 
−0.1 0.332 0.347 99.97 
−0.2 0.332 0.347 99.41 
−0.3 0.332 0.347 99.41 
−0.4 0.332 0.347 99.45 
−0.5 0.332 0.347 99.07 
−0.6 0.332 0.347 83.10 
−0.7 0.333 0.328 64.21 
−0.6 0.331 0.300 57.81 
−0.5 0.330 0.289 75.19 
−0.4 0.330 0.318 99.35 
−0.3 0.332 0.347 99.41 
−0.2 0.332 0.347 99.41 
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−0.1 0.332 0.347 99.72 
0.0 0.332 0.347 99.97 
 
These findings are comparable to that of Mortimer and Reynolds [15] who studied n-heptyl 
viologens in situ colorimetry using a commercially available colorimeter. The slight 
differences could be attributed to the illuminant source used. Mortimer and Reynolds [15] 
recorded chromaticity coordinates using a D50 illuminant source light bulb, whereas all the 
data displayed in this section was calculated using the spectral power density of a D55 
illuminant source. In addition to this, measurements were recorded in tandem with cyclic 
voltammetry in this study, whereas Mortimer and Reynolds used electrochemical potential 
steps, also allowing an equilibration time. 
 
3.7 Conclusion 
 
The quantification of colour during electrochromic reactions is a very desirable goal. The 
present work has succeeded in developing, and implementing, a virtual colorimeter that is 
capable of delivering precise values of luminance and chromaticity coordinates from real-
time UV-vis absorption spectra. The virtual colorimeter is based on the integration of 
experimental power spectral densities derived from UV-vis spectra over the CIE 1931 
colour-matching functions. Proof-of-concept experiments were performed using methyl 
viologen and n-heptyl viologen as test compounds and it was shown that subtle changes in 
both hue and luminance could be detected in an informative and intuitive way. In particular 
colour trajectories could be obtained that provide clear indications of multiple coloured 
species in even the simplest systems. 
 
Further development of the spreadsheet would include increasing the number of different 
chromaticity coordinates that are calculated e.g. L*a*b* etc. This colour space is derived 
from the master CIE 1931 colour space (as are many others). L*a*b* was developed to be 
a uniform colour space, i.e. a change in the amount of a colour value produces a equivalent 
change in the colours visual importance, a defect in the 1931 system [10]. 
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Chapter 4 – Ruthenium Purple 
 
4.1 Introduction  
 
Ruthenium Purple (iron(III) hexacyanoruthenate(II)), is of interest as an electrochromic 
material because it has an optical absorption spectrum that strongly reinforces the 
absorption spectrum of the methyl viologen cation-radical. 
 
Since Neff [1] first reported the deposition and thin-film electrochemistry of Prussian Blue 
(iron(III) hexacyanoferrate(II)) in 1978 many other metal hexacyanometallates have been 
prepared and investigated [2-28]. One reason for such a large interest in thin-films of these 
materials is their potential applications as electrochromic materials [29].  
 
Ruthenium Purple, is one example of a Prussian Blue analogue, however, little research 
has been carried out on this material and its properties. Ruthenium Purple, FeIII/RuII, 
becomes colourless when reduced to Ruthenium White (FeII/RuII). The redox reactions for 
Ruthenium Purple, as a thin film, in an aqueous solution are shown below. 
 
! 
KFe3+[Ru2+(CN)6] +  e- +  K+ " #   K2Fe2+[Ru2+(CN)6] (RP#RW)  Equation 4.1 
! 
K2Fe2+[Ru2+(CN)6] "  e- "  K+ # $ #  KFe3+[Ru2+(CN)6] (RW $RP)  Equation 4.2 
 
Its specific shade of purple is near identical, by eye, to that of the organic electrochrome 
methyl viologen radical cation. Methyl viologen is colourless when in its dication redox 
state, and purple when subject to a one electron reduction, producing a cation-radical. This 
complementary redox behaviour and the almost identical colour match with methyl 
viologen, makes the construction of a complementary and reinforcing electrochromic 
device the drive and focus of this work. The UV-vis spectra for Ruthenium Purple (a 
charge transfer complex) and methyl viologen (charge transfer/π → π* system) are shown 
in Figure 4.1. Both species have a λmax at circa 555 nm. 
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Figure 4.1 – UV-vis Spectra for Ruthenium Purple (as a thin film) and methyl viologen cation 
radical (6 mmol dm−3).  
 
In the present work the preparation of electrodeposited Ruthenium Purple is 
comprehensively studied, with detailed discussion and understanding of the challenges 
presented. The electrochemical properties of Ruthenium Purple thin films are then 
analyzed in detail. 
 
Thin-films of Ruthenium Purple were first electrodeposited by Rajan and Neff [30] and 
Itaya et al. [31]. However, these techniques relied on performing a chemical oxidation of 
[Ru(CN)6]4− to [Ru(CN)6]3− in order to create the electrodeposition solution/colloidal 
suspension. Unfortunately, [Ru(CN)6]3− is known to decompose to charged dimers [32] and 
also, if an excess of oxidizing agent is present, it suffers from CN− ligand oxidation [33], 
making this technique awkward and problematic. 
 
After this work, little research was published on the electrodeposition of Ruthenium Purple 
until 1997, when Cataldi et al. [34] reported a methodology that did not require the use of 
the chemically unstable [Ru(CN)6]3− species. However, the Ruthenium Purple 
electrodeposits were initially not very stable i.e. could not be cycled in supporting 
electrolyte without inducing film degradation. Cataldi et al. overcame this problem by 
cycling fresh deposits in dilute ruthenium(III) chloride solutions. Exactly how cycling in 
dilute ruthenium(III) chloride solutions increases the deposit’s stability is still unknown. 
However, Cataldi et al. suggested “the incorporation of ruthenium imparts an extensive 
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crosslinking of intra and inter-particles through dinuclear oxo (–O–) and cyanide (–CN–) 
bridges, thus preventing film dissolution” [5].  
 
In the present work, preparation of Ruthenium Purple electrodeposits using the method of 
Cataldi et al. was initiated, to create electrochromic devices in conjunction with various di-
n-alkyl viologens. The advantage of this combination is that the oxidized form of 
Ruthenium Purple has a near-identical adsorption spectrum to the reduced form of the di-n-
alkyl viologens (radical cations). Their colours therefore reinforce each other. Some of the 
growth voltammetry of Ruthenium Purple is shown in Figure 4.2. For reasons that are 
unclear the deposition process is highly irreproducible.  
 
 
Figure 4.2 – The electrodeposition of Ruthenium Purple via the method of Cataldi et al. (1) and (2) 
are examples of irreproducible film growth. Electrodeposits were made by cycling a glassy-carbon 
working electrode (A = 0.071 cm2) in an aqueous solution/colloidal suspension containing iron(III) 
chloride (0.5 mmol dm−3), potassium hexacyanoruthenate(II) (0.5 mmol dm−3) and potassium 
chloride (40 mmol dm−3), adjusted to pH 2.0 using hydrochloric acid. The potential was cycled 
between −0.3 V → +1.0 V → −0.3 V vs. a Ag/AgCl (NaCl 3.0 mol dm−3) reference electrode, and 
repeated 50 times (only every 5th scan shown). The scan rate was set at 50 mV s−1. Neither deposit 
is stable over ≈ 10 electrochemical cycles. Solutions were deoxygenated using N2 gas for 5 min 
before starting each experiment.  
 
Attempts to discover the source of the irreproducibility revealed three principal problems. 
Firstly an irreversible peak sometimes appeared at ca. +0.75 V. Interestingly, this peak 
occurred around the reversible potential for the Ru2+/Ru3+ redox couple (the 
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electrochemistry for each reagent was analyzed and is shown in Appendix C). It is 
suggested that the peak is a result of reaching a potential positive enough to oxidize free 
Ru2+ to Ru3+. This will then undergo a number of irreversible chemical reactions, e.g. a 
dimerization, oxidation, and polymerization, which results in poor film deposition [32-33,35-
36]. Secondly, the composition of the deposition solution changed over time. Figure 4.3 
shows UV-vis spectra of an aqueous iron(III) chloride solution taken every thirty minutes 
after preparation.  
 
 
Figure 4.3 – UV-vis spectra of iron(III) chloride (0.4 mmol dm−3) at pH 2.0 (adjusted using 
hydrochloric acid) . Absorbance measurements were recorded for the wavelengths between 300 to 
780 nm at 2 nm intervals. An initial measurement was taken at t = 0, followed by one every 30 min 
until a reproducible response was observed. The solution changed from transparent to a pale 
yellow over the time period. 
 
It is hypothesized that over time the Fe3+ ion undergoes a slow hydrolysis reaction. This 
might not only affect the reactivity of the iron ion but also affect the pH of the solution, 
which in turn could affect the composition of the other reagents e.g. potassium 
hexacyanoruthenate(II) [37]. It is also possible that chloro-complexs are being formed [38]. 
 
The third problem associated with the Cataldi et al. electrodeposition was the instability of 
the deposition solution (which is assumed to be a colloidal suspension) [34]. It was briefly 
mentioned by Cataldi et al. that the ratio of iron(III) chloride and potassium 
hexacyanoruthenate(II) should be kept at unity and the concentration of potassium chloride 
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electrolyte should not exceed 40 mmol dm−3 [34]. However, the reasons for these criteria are 
unclear. An explanation of this third problem is provided in detail within the next section.  
 
4.2 Theory of colloidal suspensions 
 
Most recently reported research concerning the electrodeposition of Ruthenium Purple 
involves the use of colloidal dispersions [34, 36]. Literature methodologies were found to be 
temperamental, and in order to ascertain why, an understanding of colloidal theory was 
required. Within this section some of the mathematical theories that underpin colloid 
science are discussed, and from the findings/results it was possible to optimize the 
electrodeposition of colloidal Ruthenium Purple (and other metal hexacyanometallates).  
 
A colloidal dispersion is defined by IUPAC as “a system in which particles of colloidal 
size of any nature (e.g. solid, liquid or gas) are dispersed in a continuous phase of a 
different composition (or state)” [39]. Typically, colloidal particles have dimensions 
between 1 nm and 1 µm and are dispersed in aqueous solutions to create sols [39]. Sols can 
be split into two categories, lyophilic or lyophobic. A lyophilic sol is one that forms 
spontaneously when an un-dispersed material is brought into contact with a solvent. By 
definition, therefore, a lyophilic sol is thermodynamically more stable than the bulk 
starting materials. A classic example is soap in water. By contrast, a lyophobic sol does not 
form spontaneously when an un-dispersed material is brought into contact with a solvent. 
A classic example is gold in water. By definition, therefore, a lyophobic sol is 
thermodynamically less stable than the bulk starting materials. As a result, lyophobic sols 
always have a tendency to coagulate, although they may remain dispersed for an arbitrarily 
long time if they are nucleated in a highly dispersed state (e.g. by precipitation) [40]. 
Ruthenium Purple is in this category.  
 
DLVO theory describes the forces acting between charged particles in ionic solutions, and 
is named after Deryaguin (Deryagin), Landau, Verwey and Overbeek. DLVO theory is 
built on work by Chapman’s theory of electrocapillarity [41], Debye and Huckel’s theory of 
ionic solutions [42], and Levine and Dube’s discovery of medium-to-long range 
attractive/repulsive forces [43,44]. In 1941 Deryaguin and Landau offered a theory that 
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described the stability of colloidal solutions by combining their attractive and repulsive 
forces [45]. In 1948 Verwey and Overbeek independently obtained the same results [46]. 
 
The stability of a suspension of colloidal particles is determined by the competition 
between repulsive double-layer forces and attractive London-van der Waals forces (DLVO 
theory). In general, the precise forms of the related potential functions are not known, so 
only approximate treatments are possible [47]. However, the pair potential for two identical 
spherical particles (at constant temperature and pressure) may be expressed in the form 
 
 
! 
"GDLVO = "G1(x) + "G2(x)  Equation 4.3 
 
where: ΔGDLVO is the total pair potential energy; ΔG1(x) is the pair potential energy for the 
electrostatic repulsion; and ΔG2(x) is the pair potential energy for the electrostatic 
attraction. ΔG1(x) and ΔG2(x) can take different forms. For example the electrostatic 
repulsion potential may be the screened coulomb interaction, the double layer repulsion, 
etc. 
 
The repulsive pair potential, ΔG1(x), is derived from the classical inverse square law of 
force but modified to take into account the effect of screening by ions in the intervening 
solution (typically counter ions dominate this effect). Here the model is assumed to have 
the form of the screened Coulomb interaction and is defined as 
 
 
! 
"G1(x) =
ze( )2
#r#0
e$a
1+$a
% 
& 
' 
( 
) 
* 
2 e+$x
x  Equation 4.4 
 
! 
=
k1 e"k2x( )
x  Equation 4.5 
 
here: (ze) is the effective surface charge on the particles (z is the surface charge and e is the 
unit charge of an electron, 1.6022 × 10−19 C); εr is the relative permittivity of the solution, 
ε0 is the permittivity of free space; κ is the reciprocal Debye length (determined by the 
electrolyte concentration and ionic strength, and is shown in Equation 4.6; a is the radius 
of the spherical particles (m); and x is the centre-to-centre distance of the colloid particles 
Advances in electrochromic materials 
 
139 
(m). Equation 4.4 can be simplified to Equation 4.5 where: k1 represents all of the 
constants combined; and k2 (more commonly know as κ) the reciprocal Debye length 
(Equation 4.6). 
 
 
! 
k2 =" =
2e2z2ni0
# r# 0kT
$ 
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& 
' 
( 
) 
1
2
 Equation 4.6 
 
where: n0i  is the bulk concentration (mol dm−3), k is the Boltzmann constant (1.3806503 × 
10−23 m2 kg s−2 K−1); and T is the temperature (K). 
 
The attractive pair potential, ΔG2(x), has the form of the long-range London-van der Waals 
interaction between equal sized spheres, and includes Casimir and Polder’s quantum 
correction for the weakening of dipole-dipole interactions at large distances (retardation) 
[48]. The effect of retardation should be described by a monotonically decreasing correction 
factor that is equal to unity for small distances and proportional to x−1 for larger distances. 
However, for simplicity, it is assumed here as x−1 throughout [49,50]. The attractive pair 
potential is therefore defined as 
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! 
" #
k3
x 2  Equation 4.8 
 
where: AH is the Hamaker constant; a is the radius of the spherical particles (m); and x is 
the centre-to-centre distance of the colloid particles (m). Equation 4.7 can be simplified to 
Equation 4.8 by combining all of the constants into one, k3. 
 
Figure 4.4 illustrates the repulsive pair potential energy, the attractive pair potential energy 
and the sum of these energies for two spherical particles. 
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Figure 4.4 – A graph illustrating the repulsive pair potential, attractive pair potential and their sum, 
for two spherical colloidal particles. The graph shows a local minimum and maximum in the Gibbs 
energy as a function of interparticle distance x (arbitrary units). The parameter values depend 
delicately on the solution composition. Graphs plotted using calculated data from Equation 4.3 to 
Equation 4.8. 
 
The total Gibbs pair potential energy, ΔGDLVO(x), is assumed to be a linear superposition 
of the individual pair potential energies ΔG1(x) and ΔG2(x). This creates local minima and 
maxima in the Gibbs energy as a function of interparticle distance x. Coagulation of the 
colloidal dispersions occurs if both the conditions 
 
 
! 
"GDLVO = 0 Equation 4.9 
 
and 
 
 
! 
"#GDLVO
"x = 0 Equation 4.10 
are met. This occurs at 
 
 
! 
xcrit. =
1
k2
 Equation 4.11 
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and 
 
 
! 
k1
k2k3
= e1 = 2.718  Equation 4.12 
 
The full derivation of Equation 4.11 and Equation 4.12 can be found in Appendix C. If the 
above criteria are met then the solution reaches a critical state and flocculation occurs 
(obviously if ΔG ≤ 0 then flocculation is spontaneous). The three different states of a 
colloidal suspension are shown in Figure 4.5 below.  
 
 
Figure 4.5 – Typical Gibbs pair potential energy plots for a pair of lyophobic colloidal particles. 
Graphs plotted using calculated data from Equation 4.3 to Equation 4.8. 
 
The value of the critical coagulation concentration depends sensitively on the precise form 
of the total pair potential, and the value of the valence of the counter ion. In extreme cases 
the critical coagulation concentration (CCC) may vary as much as the inverse sixth power 
of the valence z of the electrolyte counter ions (this is the Schulze-Hardy Rule, Equation 
4.13) [39,51]. 
 
 
! 
CCC " 1z6  Equation 4.13 
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The Schulze-Hardy rule may be derived from DVLO theory [51]. However, the inverse 
relationship between the critical coagulation concentration and the sixth power of the 
counter ions valence charge (mentioned in Equation 4.13) is not universal and depends on 
the models used in the DLVO theory. Under the screened coulomb interaction model the 
Schulze-Hardy rule becomes 
 
 
! 
CCC " 1z2 #
k1
k3
$ 
% 
& 
' 
( 
) 
2
 Equation 4.14 
 
The derivation of this can also be found in Appendix C (due to the exponential character of 
the above model (predominantly the expanded form of k1) it is hard to achieve a full power 
law approximation, with respect to valence charge, for this case).  
 
To reach the sixth power relationship one must use the model of double layer repulsion, 
instead of the screened coulomb interaction [52-53]. If other models are used to describe k1, 
k2 and k3 then other Schulze-Hardy approximations can be made [53]. 
 
4.2.1 Implications for the preparation of metal hexacyano-
metallate films 
 
Thin films of iron(III) hexacyanoruthenate(II), also known as Ruthenium Purple, can 
readily be prepared by electrochemical deposition onto various electrode materials such as 
glassy carbon, gold, platinum and tin-doped indium oxide coated on glass. In 1997 it was 
pointed out by Cataldi et al. [34] that the electrochemical deposition of Ruthenium Purple 
from a mixture of 0.5 mmol dm−3 iron(III) chloride and 0.5 mmol dm−3 potassium 
hexacyanoruthenate(II) could only be achieved in low concentrations of supporting 
electrolyte (< 40 mmol dm−3). However, the reason for this restriction was left 
unexplained. It was also noted that the mole ratio between the Fe3+ and Ru2+ complexes 
should not exceed 1; otherwise a colloidal precipitate was formed. From the theory 
outlined in the previous section it is now clear that both of these restrictions are natural 
consequences of exceeding the critical coagulation concentration (CCC) for the formation 
of a lyophobic sol of Ruthenium Purple in the deposition solution/colloidal suspension. An 
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immediate corollary of this fact is that the successful deposition of Ruthenium Purple thin 
films under Cataldi et al. conditions involves the electrocrystallization of ions from 
solution and not the heterocoagulation of small particles [34].  
 
Similar considerations apply to the electrocrystallization of iron(III) hexacyanoferrate(II), 
also known as Prussian Blue. In this case iron 3+ ions and hexacyanoferrate 4− ions are 
needed in solution and the Schulze-Hardy rule once again restricts the deposition system to 
low concentrations, otherwise coagulation occurs. Experiments verified that the same 
deposition method could also be applied to Prussian Blue, similar responses to those 
observed for Ruthenium Purple were found. 
 
The electrodeposition of Prussian Blue from solutions/colloidal suspensions containing the 
Fe3+/Fe2+ ions, at low concentrations, has never previously been reported. It is possible that 
the method could be extended to other metal hexacyanometallates. 
 
4.3 Electrodeposition of Ruthenium Purple films 
 
Taking into consideration DLVO theory and attempting a variety of different experimental 
procedures e.g. scan rate, potential window etc., a stable and reproducible methodology for 
the electrodeposition of Ruthenium Purple was developed. The recommended procedure is 
outlined below. 
 
A solution of potassium hexacyanoruthenate(II) (1.0 mmol dm−3) was prepared by 
dissolving powdered potassium hexacyanoruthenate(II) hydrate in deoxygenated water (25 
ml), by bubbling N2 gas for 20 min, containing potassium chloride (35 mmol dm−3). A 
separate aqueous solution, of equal volume, containing iron(III) chloride (1.0 mmol dm−3) 
was prepared by adding high purity solid, anhydrous iron(III) chloride to deoxygenated 
water (25 ml), by bubbling N2 gas for 20 min, which also contained potassium chloride (35 
mmol dm−3). The two solutions were then mixed together rapidly with vigorous stirring 
(creating a total volume of 50 cm3). The resulting colloidal suspension of Ruthenium 
Purple was then adjusted to pH 2 by the addition of hydrochloric acid. Whilst sonicating 
and further deoxygenating with N2, ruthenium(III) chloride was added to the suspension by 
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pipetting 1 ml of a 1 mmol dm−3 aqueous ruthenium(III) chloride solution, to give a final 
ruthenium(III) chloride concentration of 20 µmol dm−3, in a final solution/colloidal 
suspension volume of 51 cm3).  
 
The colloidal suspension, which is a bright purple and opaque in appearance, must be 
freshly prepared and used within circa 4 h. After this the particles start to aggregate and 
collect at the bottom of the container. Currently no method of preventing this has been 
found. 
 
Once transferred to the electrochemical cell the electrode potential was held at +0.6 V for 5 
s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl 3.0 mol dm−3 NaCl), n times 
(typically 50) at 50 mVs−1. Among the electrode materials tested were: platinum, gold, 
glassy carbon, tin-doped indium oxide coated glass, and random assemblies of carbon 
microelectrodes (RAM™). Data for the latter two of these are shown in Figure 4.6 and 
Figure 4.7 (with the remainder available in Appendix C). 
 
In all cases a firm, adherent electrodeposited film of Ruthenium Purple was obtained. A 
linear dependence of peak current on scan rate was demonstrated.  Such plots are used as a 
diagnostic test to confirm that a system has a finite diffusion zone (i.e. is surface confined 
or a thin-layer cell). If the system were under diffusion control then a straight line would 
be observed by plotting peak current vs. the square route of the scan rate. Both of these 
diagnostic tests stem from equations 2.5 and 2.7, which are discussed in Chapter 2. As 
Ruthenium Purple is deposited as a thin-film onto the electrodes surface, one would expect 
a straight line to occur when peak current is plotted against scan rate, and this is indeed the 
case.   
 
Ruthenium Purple does not need any conditioning cycles to create a stable electrochemical 
response, unlike its analogue Prussian Blue (regardless of deposition method) [10,54]. 
However, all Ruthenium Purple films were subject to the standard conditioning routine 
before performing any electrochemical experiments.  
 
It can be seen, on all electrode materials, that the reduction wave has two peaks, whereas 
the oxidation process apparently only has one. It is possible that the double reduction wave 
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is a result of two charge compensation processes. The negative charge of the extra electron 
from the FeIII reduction is balanced by either; interstitial FeIII/RuIII, intercalating potassium 
ions or excluding chloride ions with each process having a slightly different peak potential. 
This second of these hypotheses is reinforced by the reaction order measurements (Section 
4.6 – Reaction order measurement), as the second peak disappears at high concentrations 
of supporting electrolyte. 
 
 
Figure 4.6 – Ruthenium Purple electrodeposition and scan rate studies on a tin-doped indium oxide 
coated glass electrode (A = 2.8 cm2). (1) Electrodeposition of Ruthenium Purple (only every fifth 
scan shown), from an aqueous solution/colloidal suspension containing potassium 
hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 
mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The 
potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 
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mol dm−3 NaCl), 50 times at 50 mVs−1. (2) Cycling of the Ruthenium Purple electrodeposit in an 
aqueous solution of potassium chloride (40 mmol dm−3) at various scan rates (a) 1 mV s−1 (b) 2 mV 
s−1 (c) 5 mV s−1. (3) Cathodic peak current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. 
(4) Anodic peak current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. Solutions were 
deoxygenated using N2 gas for 5 min before starting each experiment. 
 
 
Figure 4.7 – Ruthenium Purple electrodeposition and scan rate studies on a RAM™ electrode (five 
hundred carbon micro disks, each of 7 µm diameter, arranged in parallel). (1) Electrodeposition of 
Ruthenium Purple (only every fifth scan shown), from an aqueous solution/colloidal suspension 
containing potassium hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 mmol dm−3); 
potassium chloride (35 mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with 
hydrochloric acid. The potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → 
+0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 50 times at 50 mVs−1. (2) Cycling of the Ruthenium 
Purple electrodeposit in an aqueous solution of potassium chloride (40 mmol dm−3) at various scan 
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rates (a) 1 mV s−1 (b) 2 mV s−1 (c) 5 mV s−1. (3) Cathodic peak current vs. scan rate for 1, 2, 5, 10, 
20, 50, 100 and 200 mV s−1. (4) Anodic peak current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 
200 mV s−1. Solutions were deoxygenated using N2 gas for 5 min before starting each experiment. 
 
A scanning electron micrograph of an electrodeposited Ruthenium Purple film on tin-
doped indium oxide coated glass is shown in Figure 4.8. The micrograph shows that the 
Ruthenium Purple deposits as sub-micron mini-structures, averaging approximately 200 
nm in diameter. These structures are made up of spherical nanoparticles (diameter ≤ 50 
nm, measured by magnification of Figure 4.8). The mini-structures appear densely packed 
on the ITO surface, resulting in a uniform film on the macro scale.  
 
 
Figure 4.8 – Scanning electron micrograph of a Ruthenium Purple film on a tin-doped indium oxide 
coated glass electrode.  
 
As described in Chapter 2 (Theory and experimental), it has also been shown that 
Ruthenium Purple films can be grown by sequentially immersing the target substrate in 
solutions of the Ruthenium Purple precursor reagents. This technique, dubbed directed 
multilayer assembly, is outlined below [55].  
 
Three separate aqueous solutions (100 ml) were made up and placed on a dip-coated 
carousel. (a) iron(III) chloride (40 mmol dm−3), containing hydrochloric acid (0.1 mol 
dm−3), (b) potassium hexacyanoruthenate(II) (40 mmol dm−3) containing hydrochloric acid 
(0.1 mol dm−3) and (c) pure water. Where (a), (b) and (c) are also different positions on a 
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rotating carousel. The electrode, to be coated, was immersed in solution (a) for 60 s, (c) for 
30 s, (b) for 60 s and (c) for 30 s. This sequence was repeated for the desired number of 
times 55. Unlike the electrochemical deposition this technique can be repeated as many 
times as desired, so thicker films can be deposited. Preliminary investigations showed the 
behaviour to be almost identical to that of the electrochemical deposition. However, 
significantly higher concentrations of the expensive reagent potassium 
hexacyanoruthenate(II) were required. Due to the similar behaviour and higher material 
costs, further investigations probing the behaviour of Ruthenium Purple films were made 
utilizing the electrodeposition. 
 
4.4 Ruthenium Purple film characterization 
 
It is understood that Ruthenium Purple has a pure, face-centred cubic structure (Figure 4.9) 
and belongs to the space group Fm3m. The composition of the electrodeposited Ruthenium 
Purple thin films was confirmed by analyzing an x-ray powder diffraction pattern of a thin 
film deposited onto an ITO electrode (Figure 4.10). The thin film was prepared as outlined 
in section 4.3. The reflections at 17.0° (200), 24.5° (220), 34.1° (400), and 44.8° (420) are 
in close agreement with those also found in the literature [56-58]. 
 
 
Figure 4.9 - Iron(III) hexacyanoruthenate(II) unit cell. Purple octahedra are ruthenium(II) atoms, red 
spheres are iron(III) iron atoms, grey spheres are carbon and green spheres are nitrogen. Water 
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molecules are also shown whereby tourquise spheres are oxygen and the small white spheres are 
hydrogen. Iron(III) atoms are nitrogen coordinated and iron(II) are carbon coordinated.  
 
Figure 4.10 – The x-ray powder diffraction pattern of a Ruthenium Purple thin film on a tin-doped 
indium oxide coated glass electrode. Some of the diffraction lines are due to residual potassium 
chloride and sodium chloride. Start 5.000 °; End 89.994 °; Step 0.007 °; Step time 1.5 s; 
Temperature 292.18 K. The blue tick marks represent the reflections of potassium chloride (Sylvite, 
00-001-0790, cubic), and the green tick marks represent the reflections of sodium chloride (Malite, 
00-005-0628, cubic), stored in the Inorganic Crystal Structure Database. 
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Under the described experimental conditions (section 4.3), the dilute RP colloidal 
suspension had a uniform particle size distribution (Figure 4.11) with a mean particle size 
of 8.3 nm, and remained below the critical coagulation concentration for up to four hours. 
The mean zeta potential value of −22.81 mV (over ten measurements) was indicative of the 
incipient instability of the dilute RP colloidal suspension. 
 
 
Figure 4.11 – Particle size distribution, measured using a Malvern Zetamaster ZEM5002 colloid 
analyser, of a dilute colloidal suspension of RP formulated from an aqueous solution containing 
potassium hexacyanoruthenate(II) (0.5 mmol dm−3), iron(III) chloride (0.5 mmol dm−3), potassium 
chloride (35 mmol dm−3), and ruthenium(III) chloride (0.020 mmol dm−3) set at pH 2 with 
hydrochloric acid. 
 
4.5 Stability of Ruthenium Purple films 
 
A desirable property of electrodeposited Ruthenium Purple films is their ability to 
withstand numerous oxidation/reduction cycles. In order to test the robustness of as-
prepared films they were cycled voltammetrically in an aqueous potassium chloride 
solution at 100 mV s−1 between +0.6 and −0.2 V vs. a Ag/AgCl (in 3.0 mol dm−3 NaCl) 
reference electrode. A typical result is shown in Figure 4.12. It can be seen that the cyclic 
voltammogram is stable for greater than two hundred cycles. Given the enhanced 
diffusional flux occurring at the RAM™ electrode surface this result demonstrates that 
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electrodeposited Ruthenium Purple can be continuously electrochemically cycled with 
very little film degradation occurring. 
 
 
Figure 4.12 – Cyclic voltammograms demonstrating the stability of Ruthenium Purple deposited 
onto a RAM™ electrode (five hundred carbon micro disks, each of 7 µm diameter, arranged in 
parallel). Cycling of the Ruthenium Purple electrodeposit in an aqueous solution of potassium 
chloride (40 mmol dm−3) cycled between +0.6 and −0.2 V vs. a Ag/AgCl (in 3.0 mol dm−3 NaCl) at 
100 mV s−1, 200 times. Only 1st and 200th scans are shown for clarity. The Ruthenium Purple had 
been electrodeposited from an aqueous solution/colloidal suspension containing potassium 
hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 
mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The 
potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 
mol dm−3 NaCl), 50 times at 50 mVs−1. Solutions were deoxygenated using N2 gas for 5 min before 
starting each experiment. 
 
The electrochemical stability of Ruthenium Purple films was also studied by stepping the 
potential between +0.6 to −0.2 V. This was done as this represents the type of switching an 
electrochromic material would be subject to in a working device. A sequence of ten 
potential steps is shown in Figure 4.13. It can be seen that neither the peak current nor peak 
charge are diminishing over time, and that there is a steady, stable response.  
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Figure 4.13 – The stability of Ruthenium Purple deposited onto a RAM™ electrode (five hundred 
carbon micro disks, each of 7 µm diameter, arranged in parallel). Potential step response of the 
Ruthenium Purple electrodeposit in an aqueous solution of potassium chloride (40 mmol dm−3) 
between +0.6 and −0.2 V vs. a Ag/AgCl (in 3.0 mol dm−3 NaCl). The Ruthenium Purple had been 
electrodeposited from an aqueous solution/colloidal suspension containing potassium 
hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 
mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The 
potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 
mol dm−3 NaCl), 50 times at 50 mVs−1. Solutions were deoxygenated using N2 gas for 5 min before 
starting each experiment. 
 
Similar results were observed when using other electrode materials (platinum, gold, glassy 
carbon and tin-doped indium oxide coated glass). 
 
4.6 Reaction order measurement 
 
As a result of developing highly stable and reproducible electrodeposits of Ruthenium 
Purple it became possible to carry out reaction order measurements in a variety of different 
solution compositions. In order to avoid problems associated with IR drop the 
measurements were performed on a RAM™ electrode. The results were exceptionally fine, 
as may be seen in Figure 4.14. The concentration dependence is Nernstian (59.2 mV 
decade−1) over four orders of magnitude of concentration. 
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Figure 4.14 – Effect of [K+] on the redox behaviour of Ruthenium Purple. Data recorded on a 
RAM™ electrode (five hundred carbon micro disks, each of 7 µm diameter, arranged in parallel). 
All the micro disks were coated with Ruthenium Purple (11.88 mC cm−2), by electrodeposition from 
an aqueous solution containing potassium hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) 
chloride (0.5 mmol dm−3); potassium chloride (35 mmol dm−3); and ruthenium(III) chloride (20 µmol 
dm−3) set at pH 2 with hydrochloric acid. The potential was held at +0.6 V for 5 s and then cycled, 
+0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 8 times at 50 mVs−1. Varying 
concentrations of [K+] were: (a) 4.2 mol dm−3; (b) 0.42 mol dm−3; (c) 0.042 mol dm−3; (d) 0.0042 mol 
dm−3; and (e) 0.00042 mol dm−3. Scan rate ν was 20 mV s−1. Voltammograms started at +0.6 V. 
Arrow indicates the scan direction. Solutions were deoxygenated using N2 gas for 5 min before 
starting each experiment. 
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4.7 Electrolyte effects 
 
The effect of other Group I cations on the voltammetric responses of Ruthenium Purple 
films was also explored. Although complex voltammetry was observed in many cases, it 
was found that the films recovered when returned to potassium chloride aqueous solutions, 
apart from the unusually large caesium cation. Typical examples are shown in Figure 4.15 
and Figure 4.16. Figure 4.15 shows the effect of changing from potassium to sodium and 
back again. A much broader response is observed in the sodium case, reflecting the 
difficulties of transporting sodium cations into and out of the Ruthenium Purple crystal 
structure. Figure 4.16 shows the effect of cycling only in potassium. The results for the 
remaining Group I cations can be found in Appendix C. 
 
 
Figure 4.15 – (1) Voltammetry of Ruthenium Purple in an aqueous solution of sodium chloride (40 
mmol dm−3), and (2) the same electrode transferred to an aqueous solution of potassium chloride 
(40 mmol dm−3). The Ruthenium Purple coated electrode was cycled between +0.6 V → −0.2 V → 
+0.6 V, 4 times at a scan rate of 20 mV s−1. Ruthenium Purple was electrodeposited onto a glassy 
carbon electrode (A = 0.071 cm2), by electrodeposition from an aqueous solution/colloidal 
suspension containing potassium hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 
mmol dm−3); potassium chloride (35 mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at 
pH 2 with hydrochloric acid. The potential was held at +0.6 V for 5 s and then cycled, +0.6 V → 
−0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 8 times at 50 mVs−1. Solutions were 
deoxygenated using N2 gas for 5 min before starting each experiment. 
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Figure 4.16 – (1) Voltammetry of Ruthenium Purple in an aqueous solution of potassium chloride 
(40 mmol dm−3), and (2) the same electrode transferred to another aqueous solution of potassium 
chloride (40 mmol dm−3). The Ruthenium Purple coated electrode was cycled between +0.6 V → 
−0.2 V → +0.6 V, 4 times at a scan rate of 20 mV s−1. Ruthenium Purple was electrodeposited onto 
a glassy carbon electrode (A = 0.071 cm2), by electrodeposition from an aqueous solution/colloidal 
suspension containing potassium hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 
mmol dm−3); potassium chloride (35 mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at 
pH 2 with hydrochloric acid. The potential was held at +0.6 V for 5 s and then cycled, +0.6 V → 
−0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 8 times at 50 mVs−1. Solutions were 
deoxygenated using N2 gas for 5 min before starting each experiment. 
 
From these experiments it is clear that Ruthenium Purple films can be used to distinguish 
between sodium ions and potassium ions in solution by cyclic voltammetry.  
 
4.8 Electrochromic properties of Ruthenium Purple films 
 
In order to use thin films of Ruthenium Purple as an electrochromic material its properties 
must be characterized. To do so a transparent tin-doped indium oxide coated glass 
electrode was coated with a film, thick enough to give an intense, high contrast colour. The 
voltammetric growth of this film is shown in Figure 4.17. 
Advances in electrochromic materials 
 
156 
 
Figure 4.17 – Ruthenium Purple electrodeposition on a tin-doped indium oxide coated glass 
electrode (A = 2.8 cm2). Electrodeposition of Ruthenium Purple from an aqueous solution/colloidal 
suspension containing potassium hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 
mmol dm−3); potassium chloride (35 mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at 
pH 2 with hydrochloric acid. The potential was held at +0.6 V for 5 s and then cycled, +0.6 V → 
−0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 100 times at 50 mVs−1. Solutions were 
deoxygenated using N2 gas for 5 min before starting each experiment. 
 
Absorbance spectra for the electrodeposited Ruthenium Purple film, at various different 
electrode potentials are shown in Figure 4.18. 
 
It can be seen that the UV-vis absorbance decreased as the Ruthenium Purple film was 
reduced to Ruthenium White, and increases as the film was reoxidised back to Ruthenium 
Purple. This was studied at scan rates of 20 mV s−1, as that allowed full cation intercalation 
and expulsion from the crystal lattice. The voltammogram of this process is also shown in 
Figure 4.18.  
 
Ruthenium Purple films exhibit an absorption maximum at ca. 550 nm, which is identical 
to that reported in the literature [34,36,58-59]. Cycling the potential in a negative direction the 
reduction of Fe3+ to Fe2+ occurs at approximately +0.1 V. This removes the charge transfer 
band responsible for the absorption at ca. 550 nm (this changes slightly as the film 
becomes more reduced), and produces an optically transparent film. It is interesting to note 
that the optical absorbance maximum for Ruthenium Purple is approximately 150 nm less 
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then that of Prussian Blue. This must be a result of replacing the lattice iron(II) in Prussian 
Blue with a Ruthenium(II) giving a higher energy charge transfer transition (i.e. it occurs 
at a lower wavelength).  
 
 
Figure 4.18 – The single-cycle electrochromic response of a Ruthenium Purple film monitored by 
UV-vis absorbance at different potentials. UV-vis absorbance spectra were recorded every 1 s, in 
tandem, the potential cycling of a Ruthenium Purple film from 0.6 V → −0.2 V → 0.6 V, at a scan 
rate of 20 mV s−1. The working electrode was conducting, transparent ITO-glass, the counter 
electrode was a platinum gauze, and the reference electrode Ag/AgCl (3.0 mol dm−3 NaCl). The 
experiment was conducted in a standard, plastic 1 cm square cuvette using an aqueous potassium 
chloride (40 mmol dm−3) solution as the supporting electrolyte. The arrows indicate the direction of 
change in absorbance. Solutions were deoxygenated using N2 gas for 5 min before starting each 
experiment. 
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As discussed in Section 4.5 (Stability of Ruthenium Purple films), if Ruthenium Purple 
were to be used in electrochromic devices it would be subject to potential steps, rather than 
the potential sweeps used in laboratory analysis. Figure 4.19 shows some typical current-
time transients from a double potential step; +0.6 → −0.2 → +0.6 V. 
 
 
Figure 4.19 – A Ruthenium Purple film current-time response to a double potential step. The 
potentials were +0.6 → −0.2 → +0.6 V vs. Ag/AgCl (3.0 mol dm−3 NaCl), where each potential was 
held for 10 s. The working electrode was a conducting, transparent ITO-glass and the counter 
electrode made from platinum gauze. The experiment was conducted in a standard, plastic 1 cm 
square cuvette. Solutions were deoxygenated using N2 gas for 5 min before starting each 
experiment. 
 
By monitoring the UV-vis response with a spectrophotometer it was possible to perform a 
detailed analysis of the electrochromic properties of Ruthenium Purple. Figure 4.20 and 
Figure 4.21 show the charge and absorbance responses, with respect to time, of a 
Ruthenium Purple film when switching from Ruthenium Purple to Ruthenium White 
(Figure 4.20) and from Ruthenium White to Ruthenium Purple (Figure 4.21). 
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Figure 4.20 – (1) The charge (background corrected) vs. time and (2) absorbance (at 550 nm) vs. 
time responses of a Ruthenium Purple film to a double potential step, +0.6 → −0.2 V vs. Ag/AgCl 
(3.0 mol dm−3 NaCl), where each potential was held for 10 s. The Ruthenium Purple film was 
electrodeposited on a conducting, transparent ITO-glass and the counter electrode made from 
platinum gauze. This figure shows the switching of Ruthenium Purple to Ruthenium White and 
reverse. Solutions were deoxygenated using N2 gas for 5 min before starting each experiment. 
 
 
Figure 4.21 – (1) The charge (background corrected) vs. time and (2) absorbance (at 550 nm) vs. 
time responses of a Ruthenium Purple film to a double potential step, −0.2 → +0.6 V vs. Ag/AgCl 
(3.0 mol dm−3 NaCl), where each potential was held for 10 s. The Ruthenium Purple film was 
electrodeposited on a conducting, transparent ITO-glass and the counter electrode made from 
platinum gauze. This figure shows the switching of Ruthenium White to Ruthenium Purple and 
reverse. Solutions were deoxygenated using N2 gas for 5 min before starting each experiment. 
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Using both electrochemical and spectroscopic data it was possible to calculate the 
switching times for the reduction and re-oxidation processes. The results are shown in 
Figure 4.22 and Figure 4.23. 
 
 
Figure 4.22 – Purple to transparent ln(current) vs. time plots for a thin film of electrodeposited 
Ruthenium Purple on ITO-glass. From these plots it was possible to calculate the material’s time 
constant τ, and time taken to switch 50% of the material τ½ and t0.95.  
 
 
Figure 4.23 – Transparent to purple ln(current) vs. time plots for a thin film of electrodeposited 
Ruthenium Purple on ITO-glass. From these plots it was possible to calculate the material’s time 
constant τ, and time taken to switch 50% of the material t½ and t0.95. 
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Taking the reciprocal of the gradient of the straight lines in Figure 4.22 and Figure 4.23 
gives the time constant, τ, of the reaction, which is found to be first order. It was then 
possible to use the calculated time constant to derive the time taken for the Ruthenium 
Purple films to switch by a specified percentage. The results are shown in Table 4.1. 
Further discussion of the theory can be found in Appendix C. 
 
Table 4.1 – Table of switching times for a thin film of Ruthenium Purple. Data shown in this table 
was taken from Figure 4.22 and Figure 4.23. 
 
Electrochemical 
(Process A) 
Electrochemical 
(Process B) 
Spectroscopic 
Colour change τ / s t ½ / s 
t0.95 / 
s 
τ / s t ½ / s 
t0.95 / 
s 
τ / s t ½ / s 
t0.95 / 
s 
Purple to 
transparent 
1.056 0.731 3.163 0.271 0.188 0.812 0.517 0.359 1.549 
Transparent to 
purple 
1.167 0.809 3.496 0.172 0.119 0.515 0.271 0.188 0.812 
 
In Figure 4.22 and Figure 4.23 both electrochemical plots show two processes present, A 
and B, where process A has a slower time constant than process B. According to the 
spectroscopic data, the colour change is completed during electrochemical process A, and 
is significantly faster than the electrochemical measurements demonstrate. This non-linear 
and asymmetric behaviour observed is thought to be a result of a slower process(s) 
dominating the electrochemical response e.g. double layer charging. The switching times 
of Ruthenium Purple here are significantly shorter than values reported for its analogue 
Prussian Blue in the literature (although to accurately compare them identical films should 
be prepared) [60]. The different switching times between Ruthenium Purple redox states 
(RP → RW, RW → RP), and when compared to those of Prussian Blue are likely to be 
related to different intercalation/expulsion rates of potassium ions in the films [60]. 
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4.9 Virtual colorimeter analysis of Ruthenium Purple 
 
Using the virtual colorimeter described in Chapter 3, it was possible to generate colour 
trajectories of the electrochromic reactions in the CIE 1931 colour space. Some of these 
are shown in Figure 4.24, where the parameters x and y represent the red-to-blue ratio, and 
the green-to-blue ratio, respectively. For Ruthenium Purple the parameters x and y are 
nearly state functions of each other (i.e., no hysteresis), even when the scales are enlarged. 
This suggests that the forward and backward reactions follow the same path. Also, as 
would be expected, the relative luminance (%YL) decreases sharply as the purple colour is 
produced. Differentiation of the luminance plot could also produce a cyclic-lumogram. 
Data from such plots might be of considerable use in assessing the performance of 
electrochromic systems.  
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Figure 4.24 – (1) Integrated voltammogram (charge vs. potential); (2) calculated relative luminance 
vs. potential; (3) colour trajectories in the CIE 1931 colour space and (4) magnified view of the 
same data for the reduction/oxidation of electrodeposited Ruthenium Purple in an aqueous solution 
containing potassium chloride (40 mmol dm−3). The corresponding numerical data are shown in 
Appendix C. An ITO-glass working electrode, platinum gauze counter electrode and Ag/AgCl (3.0 
mol dm−3 NaCl) reference electrode were used. Data were obtained from the virtual colorimeter 
from the UV-vis spectra shown in Figure 4.18. The arrows indicate the direction of the potential 
scan, starting at +0.6 V and scanning at 20 mV s−1. Solutions were deoxygenated using N2 gas for 
5 min before starting each experiment. 
 
A similar colour analysis of Prussian Blue using a commercially available colorimeter was 
conducted by Mortimer and Reynolds [60]. Despite measurements in the current work being 
potentiodynamic and those in Mortimer and Reynolds’s paper recorded at constant 
potentials, stepping between potentials, similar colour-trajectory behaviour is observed [60]. 
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It is interesting to compare the colour trajectories of different materials i.e. the viologens 
in Chapter 3 – The virtual colorimeter. It is clear that the manner in which a material 
moves from one colour state to another is affected by its properties. Future work should be 
aimed at fully understanding colour trajectories, as it is apparent that the path a material 
takes to reach a different colour gives important information about the system. 
 
4.10 Conclusion 
 
It has been shown that Ruthenium Purple films can be deposited stably and reversibly 
using an electrochemical, potential cycling technique when the preparation method 
reported is followed exactly. By comparison, the previously reported technique [34] was 
found to be complex and irreproducible due to the presence of unstable colloidal species. It 
was found that the deposition solution/colloidal suspension’s composition must be 
carefully controlled; in-order to produce stable and reproducible Ruthenium Purple films, 
and to avoid colloidal aggregation of the solution/suspension (explained by DLVO theory). 
Based on the new deposition technique the electrochemical and electrochromic properties 
of Ruthenium Purple could be analyzed in detail. In particular, it was found that both the 
colour reaction and the cation intercalation were kinetically first order. The λmax of 
Ruthenium Purple is at 550 nm, which disappears following a one-electron reduction 
process. The time constant, τ, for the reduction process was found to be 0.517 s, whereas τ 
for the oxidation from Ruthenium White to Ruthenium Purple was 0.271 s. Finally, 
analyzing the colour trajectories plots for Ruthenium Purple it is observed that both the 
colour change mechanism is a state-function. 
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Chapter 5  – Electrochromic devices 
 
Electrochromic devices are examples of electrochemical cells i.e. devices that perform 
electrochemical reactions when sufficient potential is applied to them. Typically, 
electrochromic devices have a two-electrode configuration, where at least one of the 
electrodes is optically transparent. The physical properties of a device, such as its colour 
and switching time, are dictated predominantly by the electrochromic materials used 
within the device, but are also influenced by the electrical potential that is applied across 
the device when in operation. Electrochromic materials chosen for use in electrochromic 
devices must be complementary with respect to their colouration redox chemistry i.e. when 
one material is oxidised at an electrode’s surface, the second material is reduced at the 
opposite electrode’s surface. There are many examples of such devices within the literature 
[1-9], and several reviews [10-13]. However, despite all the different combinations of 
electrochromic materials that have already been published, to the best of our knowledge, 
no one has designed a device specifically to be colour reinforcing, where both 
electrochromic materials exhibit the same colour, thus making the viewed colour more 
intense.  
 
In the present work a novel colour-reinforcing electrochromic device was developed in 
which both the anode and cathode simultaneously exhibit comparable colour responses. In 
particular, the anode is Ruthenium Purple and the cathode is methyl viologen (on 
coloration). This “two-sided” device provides twice the luminance of a conventional “one-
sided” device. The idea for fabricating this device came from research that is discussed in 
Chapter 3 – Quantifying Colour and Chapter 4 – Ruthenium Purple. In total, eight novel 
electrochromic devices were created. These consisted of Ruthenium Purple or Prussian 
Blue as one electrochromic material, and di-methyl viologen or di-n-heptyl viologen as the 
other (at two concentrations 5 and 10 mmol dm−3). 
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5.1 Device design and construction 
 
There are many different ways of constructing electrochromic devices (these are discussed 
in Chapter 1 – Literature review, section 1.4.1). However, whatever design is used the 
fundamental components remain the same: transparent substrate; transparent conductor; 
electrochromic material(s); electrolyte solution; and counter electrode. When designing the 
Ruthenium Purple/viologen electrochromic device several criteria had to be fulfilled when 
selecting the fundamental components. 
 
Aluminosilicate float glass was used as the transparent substrate and tin-doped indium 
oxide as the transparent conductor. These glass coated tin-doped indium oxide slides were 
used for both electrodes in the device. This not only allowed transmission measurements to 
be made directly, but also functioned as a mini-prototype electrochromic window. 
 
Ruthenium Purple is a type III electrochromic material and so is coated onto one of the 
transparent electrodes. However, viologens, unless in a polymeric form, are either type I or 
type II electrochromic materials, and so must be present in situ. In addition to this, upon 
electrochemical reduction Ruthenium Purple has a strong affinity for potassium as its 
counter ion, over other seemingly suitable cations.  
 
Other important considerations when manufacturing the device included having good 
conductivity throughout the device (concentrated supporting electrolyte), and a suitable 
solvent electrochemical window (compared to the electrochromic materials used) [14]. 
Taking into account both of these requirements the device was designed around using an 
aqueous liquid phase that would contain a sufficiently high concentration of a potassium 
salt, acting as the supporting electrolyte and Ruthenium Purple counter ion; as well as 
allowing sufficient concentrations of the viologen electrochromic material to be dissolved.  
 
To ensure good current distribution, and avoid strange effects at the electrochromic 
material/adhesive border, the tin-doped indium oxide was etched to an appropriate pattern 
(Chapter 2 – Theory and experimental, section 2.3.3). This allowed both electrodes to be 
sealed together and function without exhibiting either of these problems. It is worth noting 
that, using an appropriate stencil, any desired shape could be created onto the electrode’s 
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surface. This would allow the device to function as a sign/display as well as the standard 
shutter-type function. An example of a possible pattern created by etching is shown in 
Figure 5.1. 
 
 
Figure 5.1 – Drawing of the structure of a 7 segment display electrode 
 
Copper tape was used as a current collector at the top right hand side of each electrode. 
The copper contact was then coated with a thin-layer of epoxy to prevent any copper from 
coming into contact with the viologen/electrolyte solution and to help fix the position of 
the tape. 
 
The use of a liquid medium forced the design of the device to include a volume that would 
contain the liquid between two electrodes. Therefore, in order to create the volume a 
spacer separating the electrodes was required. However, the thickness of this spacer must 
be such that the distance between the two electrodes was at a minimum. This is because the 
mean squared displacement of a particle undergoing a random walk (Brownian motion) is 
only related to the diffusion coefficient of the particle. Thus, the smaller the distance a 
particle (i.e. the viologen) has to travel to the electrode’s surface, the faster the colouration 
process will proceed within the electrochromic device. This relationship of the mean 
squared displacement of a particle to its diffusion coefficient was discovered by Einstein in 
1905 and is shown in Equation 5.1 [15] 
 
 
! 
r2 = xDt  Equation 5.1 
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where 〈r2〉 is the mean squared displacement of a particle (m), x is a numerical coefficient 
and dependent on the number of dimensions which the particle can move (x = 2 for 1D, x = 
4 for 2D, and x = 6 for 3D), D is the diffusion coefficient (m2 s−1), and t is time (s) [15]. 
Using this knowledge, a spacer was placed around the perimeter of one of the glass 
electrodes that would, when sealed, created a volume for the viologen/electrolyte solution 
to be inserted. Teflon sleeves (5 µm thick) were chosen as the spacer material, cut to size 
and placed onto one of the etched-transparent electrodes before being secured with a thin-
layer of epoxy resin. As discussed above, the thickness of this spacer is extremely 
important and considerable effort was expended finding the ideal thickness. Switching 
times of the device could be vastly improved if this thickness was reduced, however, this 
presents further challenges such as adding the solution into the device cavity and securing 
the spacer without affecting the thickness.  
 
When making the electrochromic device one of the etched-transparent electrodes must be 
pre-coated with the type III electrochromic material. Once an electrode had been coated 
with a metal hexacyanometallate it was then pre-conditioned and set to its reduced, 
colourless form. This is so that both electrochromic materials are in opposite, redox states 
to each other. If they are not in complementary redox states when fabricating the device, 
then when a switching potential is introduced the device irreversibly fails. 
 
Taking all of the previously discussed considerations into account, the etched-transparent 
electrode coated with the desired metal hexacyanometallate thin-film was positioned on 
top of the etched-transparent electrode fitted with the Teflon spacer. The device was then 
sealed on three edges with epoxy resin. The viologen/electrolyte solution was inserted 
using a micro-bore needle into the unsealed edge and before sealing the remaining edge. 
The key stages for construction of this electrochromic device design are shown 
photographically, in Figure 5.2. 
 
Full details of the device fabrication process, including the metal hexacyanometallte 
deposition parameters, can be found in Chapter 2 – Theory and experimental, section 2.3.3. 
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Figure 5.2 – Photographs summarising the process of electrochromic device construction at four 
keys stages. (a) A transparent ITO electrode that has been etched to the desired pattern. (b) An 
electrochemically coated (Prussian Blue in this photo), etched ITO electrode. (c) The attachment of 
Teflon spacers to a separate, etched ITO electrode. (d) The final device whereby the coated 
electrode has been pre-conditioned and set into its colourless, reduced state prior to its 
combination with a spacer-ITO electrode, and sealed with epoxy resin (the redox state required will 
depend on the other electrochromic materials used). 
 
The final design of the device is also shown in Figure 5.3 as an exploded illustration. 
 
 
Figure 5.3 – Illustration of the electrochromic device design, with the spacers used omitted for 
clarity. The liquid layer consists of a solvent, supporting electrolyte and secondary electrochromic 
material. 
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5.2 Properties and performance 
 
Once the device design was finalised, devices were initially constructed using Prussian 
Blue and methyl/heptyl viologens. This was due to the relative ease of Prussian Blue 
electrodeposition, compared to its Ruthenium analogue. Two different viologens were 
used, di-methyl viologen (a type I electrochromic material), and di-n-heptyl viologen (a 
type II electrochromic material). Each of these devices was made using two different 
concentrations of viologen (5 and 10 mmol dm−3). It was important to have the two-
electrochromic materials’ charge ratio to equal one (or as close as possible), as it improves 
the lifetime and physical properties of the device. Here, this was taken into account by 
selecting a set thickness for the metal hexacyanometallate films and approximately 
matching the viologen concentration by using Faraday’s law). However, it is thought that a 
device of this design would be self-balancing as once the reaction had proceeded to 
completion at the metal hexacyanometallate electrode, electrochemistry at the opposite 
electrode would stop. The two concentrations of viologen used are slightly below (5 mmol 
dm−3), and slightly above (10 mmol dm−3) the ideal charge required to balance the 
electrochromic device. Using two concentrations will test if the device is self-balancing 
because if the absorbance maxima for the viologen doubles when the concentration is 
doubled the reactions will be independent (assuming Beer-Lambert behaviour is observed). 
Whereas, if the absorbance increase is less than double, this indicates that the viologen 
reaction is being controlled by the amount of metal hexacyanometallate film present at the 
opposite electrode. 
 
In order to determine the switching potentials for each device values were started at the 
open circuit potential, 0.0 V, and extended in each direction until the optimum setting were 
found. At lower potentials the device would switch between its coloured states at a slower 
rate, where increasing the potential speeded up the device kinetics. However increasing the 
applied potential too far introduced electrochemical side reactions, over 
oxidation/reduction of the electrochromic material and/or solvent decomposition. 
Increasing the device gap will also increase the internal resistance of the cell and so 
introducing IR drop. This directly affects the perceived applied potential on the 
electrochromic materials, reducing their electrochromic response [16]. 
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Once the correct switching potentials were found the current response, UV-vis spectra (at 
single and multiple wavelengths) and colorimetric data for the device were recorded and 
analysed. The results are displayed in Figure 5.4 to Figure 5.27. 
 
Advances in electrochromic materials 
 
177 
5.2.1 Prussian Blue and di-methyl viologen (5 mmol dm−3) 
electrochromic device 
 
 
 
Figure 5.4 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −1.0 V to 1.5 V to −1.0 V. The device consisted of 
Prussian Blue/di-methyl viologen (5 mmol dm−3) with potassium bromide (0.5 mol dm−3) as the 
supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Prussian Blue coated electrode, and the counter/reference wires were shorted 
together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance spectra 
between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. The 
arrows indicate the direction of change in absorbance. 
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Figure 5.5 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Prussian Blue/di-methyl viologen (5 mmol dm−3). Luminance 
and colorimetry data were obtained from the virtual colorimeter. The arrows show the colorimetric 
path taken during the potential steps (−1.0 V to 1.5 V to −1.0 V). 
 
 
Figure 5.6 – Photographs of the electrochromic switching of a Prussian Blue/di-methyl viologen (5 
mmol dm−3) device. The device is shown in (a) its colourless state and (b) its coloured state. 
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The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Prussian Blue/di-methyl viologen (5 mmol dm−3) electrochromic device, in its 
on and off states, are shown in Table 5.1. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated. L*, a* and b* form a uniform colour space known as CIELAB, 
that was defined by the CIE in 1976. The CIE L*a*b* space is used across a wide variety 
of industries to quantify colour when required. L* is similar to %YL by representing the 
lightness component of a sample, whilst a* and b* correspond to a red-green and yellow-
blue chromatic processes respectively. On an L*a*b* chromaticity diagram, the more 
positive a* is, the greater the red component, where the more negative a* is the greater the 
green component of the sample’s colour. Positive b* represents the yellow component, and 
negative b* is the blue component in the same antagonistic manner. CIELAB is preferred 
over the original CIE 1931 colour space, which itself is derived from, because it is 
perceptually uniform (i.e. any change in a colour is directly proportional to the magnitude 
of the numerical change expressed by the colour space). Although, the CIE 1931 
chromaticity diagram is not a uniform colour space, significant changes in colour do 
correspond with significant changes in the xy coordinates. 
 
Table 5.1 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Prussian Blue/di-methyl viologen (5 mmol dm−3) electrochromic device. The device is switched 
between its on and off states via a square wave potential step from −1.0 V to +1.5 V, and vice 
versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.335 0.349 100.0% 100 1 1 
On Coloured) 0.229 0.233 27.7% 60 3 -46 
 
 
When the device is in its off state (−1.0 V), the redox state for the viologen is the 
colourless di-methyl viologen dichloride, with the metal hexacyanometallate in its 
Fe2+/Fe2+ Prussian White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.335, y = 0.349, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +1.5 V, in an oxidative direction with respect to 
the Prussian Blue working electrode, the device changes from colourless/transparent to a 
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deep blue with a purple tinge due to the colouration of the di-methyl viologen cation-
radical salt and the conversion of Prussian White into Prussian Blue (a coloured 
intervalence charge transfer complex). Measurement of the chromaticity coordinates 
%YLxy, as a function of time, allowed changes in the devices colour to be followed (Figure 
5.5). With a decrease in L*, a small positive change (towards red) in a* and a negative 
change (towards blue) in b*, quantifying the colour state (red (small amount) + blue (large 
amount) = deep blue with a trace of purple). On application of the potential step, −1.0 V 
to +1.5 V, the device’s colour change initiates from its centre propagating outwards until 
the whole device has switched. Both electrochromic materials appear to change at the 
same rate and in the same pattern. This observation represents visual confirmation of a 
mechanism whereby the rate-of-change is controlled by one of the electrochromic 
materials, more specifically the viologen species as this is under diffusion control. 
 
The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
the colourless Prussian White film are reduced and oxidised respectively to yield the 
purple viologen cation-radical and Prussian Blue. A CIE 1931 colour space, showing the 
colour trajectory of the device when subject to the potential step is shown in Figure 5.5. 
This plot shows the colour path taken by the device whilst switching between its on (deep 
blue with a purple tinge) and off (colourless) state. Along the spectral locus (the horseshoe 
shaped line found on the colour space) lies most of the saturated colours of the visible light 
wavelengths. The imaginary line connecting the longest and shortest wavelength contains 
the non-spectral purples and is known as the purple line. The area contained by the spectral 
locus and the purple line is known as the colour locus. This area contains every colour that 
can exist and it is the specific coordinates of a location in the colour locus that describes 
the hue and saturation of the colour. Drawing a straight line through the white point’s xy 
coordinates and the sample’s xy coordinates, and extrapolating it to the spectral locus 
determines the hue of a sample. The wavelength at this point along the locus gives the  
dominant wavelength of the colour (λd). For a colour state that would project onto the 
purple line, a complementary wavelength (λc) can be expressed by back extrapolating a 
straight line from the sample’s xy coordinates through the white point’s xy coordinates to 
the spectral locus. For this device λd = 475 nm as shown in Figure 5.5. This is circa 
halfway between the UV-vis spectra λmax for each electrochromic material individually, 
indicating that both species are contributing towards the overall colour of the device.  
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The switching times for this device are shown in Table 5.2. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The reason for this behaviour is unknown and warrants further 
investigation, but is possibly attributable to two separate phenomena. Any oxygen that is 
present in the cell could re-oxidise the di-methyl viologen cation-radical back into its 
colourless dication form. Although, all solutions were purged with molecular nitrogen 
prior to sealing the devices, it is extremely difficult to exclude every trace of oxygen thus 
making it a possible cause for the enhanced bleaching. However, the most likely cause is 
that the diffusion coefficient for the di-methyl viologen cation-radical (34.1 × 10−6 cm2 s−1) 
is much larger than for the di-methyl viologen dication (2.1-8.6 × 10−6 cm2 s−1 where the 
counter ions are both chloride) [17].  The reason for this large difference can be attributed to 
the size of the viologen and its associated ion pair. In water the viologen cation-radical is 
much more weakly associated to its counter ion than the dication. The associated 
molecular cross section for the viologen species, counter ion(s) and solvation shell is, 
therefore, much greater for the viologen dication, thus its diffuses through solution at a 
much slower rate [17]. 
 
Table 5.2 – Table of spectroscopic switching times for a Prussian Blue/di-methyl viologen (5 mmol 
dm−3) electrochromic device. Values shown in this table were calculated from data shown in Figure 
5.4. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 8.87 6.15 26.57 
Coloured to colourless 6.93 4.80 20.76 
 
Although, the devices presented within this chapter were designed to minimise their 
switching times, experimental conditions of solution concentrations, ITO-glass electrode 
area and cell geometry, were not specifically optimised due to engineering difficulties in 
reducing the device thickness and the availability and cost of ITO-glass electrodes. 
 
Measurements were next taken using a higher concentration of di-methyl viologen, in 
order to explore the changes in colour coordinate and luminance.  
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5.2.2 Prussian Blue and di-methyl viologen (10 mmol dm−3) 
electrochromic device 
 
 
 
Figure 5.7 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −1.0 V to 1.5 V to −1.0 V. The device consisted of 
Prussian Blue/di-methyl viologen (10 mmol dm−3) with potassium bromide (0.5 mol dm−3) as the 
supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Prussian Blue coated electrode, and the counter/reference wires were shorted 
together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance spectra 
between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. The 
arrows indicate the direction of change in absorbance. 
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Figure 5.8 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Prussian Blue/di-methyl viologen (10 mmol dm−3). 
Luminance and colorimetry data were obtained from the virtual colorimeter. The arrows show the 
colorimetric path taken during the potential steps (−1.0 V to 1.5 V to −1.0 V). 
 
 
Figure 5.9 – Photographs of the electrochromic switching of a Prussian Blue/di-methyl viologen (10 
mmol dm−3) device. The device is shown in (a) its colourless state and (b) its coloured state. 
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The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Prussian Blue/di-methyl viologen (10 mmol dm−3) electrochromic device, in its 
on and off states, are shown in Table 5.3. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated.  
 
Table 5.3 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Prussian Blue/di-methyl viologen (10 mmol dm−3) electrochromic device. The device is switched 
between its on and off states via a square wave potential step from −1.0 V to +1.5 V, and vice 
versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.334 0.347 100.0% 100 1 0 
On Coloured) 0.196 0.187 17.5% 49 9 -59 
 
When the device is in its off state (−1.0 V), the redox state for the viologen is the 
colourless di-methyl viologen dichloride, with the metal hexacyanometallate in its 
Fe2+/Fe2+ Prussian White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.334, y = 0.347, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +1.5 V, in an oxidative direction with respect to 
the Prussian Blue working electrode, the device changes from colourless/transparent to a 
very deep blue with a shade of purple due to the colouration of the di-methyl viologen 
cation-radical salt and the conversion of Prussian White into Prussian Blue. Measurement 
of the chromaticity coordinates %YLxy, as a function of time, allowed changes in the 
device’s colour to be followed (Figure 5.8). With a decrease in L*, a positive change 
(towards red) in a* and a negative change (towards blue) in b*, quantifying the colour state 
(red (small amount) + blue (large amount) = deep blue with a shade of purple). This device 
exhibited a larger change for its L*, a* and b* colour coordinates than the previous device 
that contained half the concentration of viologen. On application of the potential step, 
−1.0 V to +1.5 V, the device’s colour change initiates from its centre propagating 
outwards until the whole device has switched. Both electrochromic materials appear to 
change at the same rate and in the same pattern. This observation represents visual 
confirmation of a mechanism whereby the rate-of-change is controlled by one of the 
electrochromic materials, more specifically the viologen species as this is under diffusion 
control. 
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The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
the colourless Prussian White film are reduced and oxidised respectively to yield the 
purple viologen cation-radical and Prussian Blue. A CIE 1931 colour space, showing the 
colour trajectory of the device when subject to the potential step is shown in Figure 5.8. 
This plot shows the colour path taken by the device whilst switching between its on (deep 
blue with a shade of purple) and off (colourless) state. For this device λd = 475 nm as 
shown in Figure 5.8. This is circa halfway between the UV-vis spectra λmax for each 
electrochromic material individually, indicating that both species are contributing towards 
the overall colour of the device.  
 
The switching times for this device are shown in Table 5.4. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The hypotheses behind this finding are explained in the previous 
section. 
 
Table 5.4 – Table of spectroscopic switching times for a Prussian Blue/di-methyl viologen (10 mmol 
dm−3) electrochromic device. Values shown in this table were calculated from data shown in Figure 
5.7. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 6.92 4.80 20.73 
Coloured to colourless 4.67 3.24 13.99 
 
To test the affect of changing one of the chromophores on the chromaticity coordinates, di-
methyl viologen (purple) was replaced with di-n-heptyl viologen (pink-purple). This 
change also affected the potential step applied to the device as formation of the di-n-heptyl 
viologen radical cation occurs at lower reducing potentials. This also avoids complexities 
associated with the second reduction and the comproportionation reaction of the viologen. 
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5.2.3 Prussian Blue and di-n-heptyl viologen (5 mmol dm−3) 
electrochromic device 
 
 
 
Figure 5.10 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −1.0 V to 1.0 V to −1.0 V. The device consisted of 
Prussian Blue/di-n-heptyl viologen (5 mmol dm−3) with potassium bromide (0.5 mol dm−3) as the 
supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Prussian Blue coated electrode, and the counter/reference wires were shorted 
together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance spectra 
between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. The 
arrows indicate the direction of change in absorbance. 
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Figure 5.11 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Prussian Blue/di-n-heptyl viologen (5 mmol dm−3). 
Luminance and colorimetry data were obtained from the virtual colorimeter. The arrows show the 
colorimetric path taken during the potential steps (−1.0 V to 1.0 V to −1.0 V). 
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Figure 5.12 – Photographs of the electrochromic switching of a Prussian Blue/di-n-heptyl viologen 
(5 mmol dm−3) device. The device is shown in (a) its colourless state and (b) its coloured state. 
The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Prussian Blue/di-n-heptyl viologen (5 mmol dm−3) electrochromic device, in its 
on and off states, are shown in Table 5.5. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated.  
 
Table 5.5 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Prussian Blue/di-n-heptyl viologen (5 mmol dm−3) electrochromic device. The device is switched 
between its on and off states via a square wave potential step from −1.0 V to +1.0 V, and vice 
versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.337 0.349 100.0% 100 1 2 
On (Coloured) 0.260 0.223 27.8% 60 22 -47 
 
When the device is in its off state (−1.0 V), the redox state for the viologen is the 
colourless di-n-heptyl viologen dibromide, with the metal hexacyanometallate in its 
Fe2+/Fe2+ Prussian White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.337, y = 0.349, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +1.0 V, in an oxidative direction with respect to 
the Prussian Blue working electrode, the device changes from colourless/transparent to a 
deep blue with a shade of pink/purple  due to the colouration of the di-n-heptyl viologen 
cation-radical salt and the conversion of Prussian White into Prussian Blue. Measurement 
of the chromaticity coordinates %YLxy, as a function of time, allowed changes in the 
device’s colour to be followed (Figure 5.11). With a decrease in L*, a positive change 
(towards red) in a* and a negative change (towards blue) in b*, quantifying the colour state 
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(red + blue = deep blue with a shade of pink/purple). It can be clearly seen that the 
replacement of the di-methyl viologen with di-n-heptyl viologen has had a significant 
impact on the red, a*, aspect of the device’s colour. On application of the potential step, 
−1.0 V to +1.0 V, the device’s colour change initiates from its centre propagating 
outwards until the whole device has switched. Both electrochromic materials appear to 
change at the same rate and in the same pattern. This observation represents visual 
confirmation of a mechanism whereby the rate-of-change is controlled by one of the 
electrochromic materials, more specifically the viologen species as this is under diffusion 
control. 
 
The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
the colourless Prussian White film are reduced and oxidised respectively to yield the 
pink/purple viologen cation-radical and Prussian Blue. A CIE 1931 colour space, showing 
the colour trajectory of the device when subject to the potential step is shown in Figure 
5.11. This plot shows the colour path taken by the device whilst switching between its on 
(deep blue with a shade of pink/purple) and off (colourless) state. For this device λd = 450 
nm as shown in Figure 5.11. This is circa halfway between the UV-vis spectra λmax for 
each electrochromic material individually, indicating that both species are contributing 
towards the overall colour of the device.  
 
The switching times for this device are shown in Table 5.6. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The hypotheses behind this finding are explained for methyl 
viologen in section 5.2.1, and it is believed that di-n-heptyl viologen and its cation-radical 
will behave in the same manner.  
 
Table 5.6– Table of spectroscopic switching times for a Prussian Blue/di-n-heptyl viologen (5 mmol 
dm−3) electrochromic device. Values shown in this table were calculated from data shown in Figure 
5.10. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 3.250 2.253 9.736 
Coloured to colourless 0.341 0.236 1.0212 
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Measurements were next taken using a higher concentration of di-methyl viologen, in 
order to explore the changes in colour coordinate and luminance. 
 
 
 
 
 
 
 
 
5.2.4 Prussian Blue and di-n-heptyl viologen (10 mmol dm−3) 
electrochromic device 
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Figure 5.13 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −1.0 V to 1.0 V to −1.0 V. The device consisted of 
Prussian Blue/di-n-heptyl viologen (10 mmol dm−3) with potassium bromide (0.5 mol dm−3) as the 
supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Prussian Blue coated electrode, and the counter/reference wires were shorted 
together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance spectra 
between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. The 
arrows indicate the direction of change in absorbance. 
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Figure 5.14 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Prussian Blue/di-n-heptyl viologen (10 mmol dm−3). 
Luminance and colorimetry data were obtained from the virtual colorimeter. The arrows show the 
colorimetric path taken during the potential steps (−1.0 V to 1.0 V to −1.0 V). 
 
 
Figure 5.15 – Photographs of the electrochromic switching of a Prussian Blue/di-n-heptyl viologen 
(10 mmol dm−3) device. The device is shown in (a) its colourless state and (b) its coloured state. 
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The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Prussian Blue/di-n-heptyl viologen (10 mmol dm−3) electrochromic device, in its 
on and off states, are shown in Table 5.7. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated.  
 
Table 5.7 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Prussian Blue/di-n-heptyl viologen (10 mmol dm−3) electrochromic device. The device is switched 
between its on and off states via a square wave potential step from −1.0 V to +1.0 V, and vice 
versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.336 0.348 100.0% 100 1 1 
On Coloured) 0.261 0.157 10.4% 39 47 -55 
 
When the device is in its off state (−1.0 V), the redox state for the viologen is the 
colourless di-n-heptyl viologen dibromide, with the metal hexacyanometallate in its 
Fe2+/Fe2+ Prussian White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.336, y = 0.348, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +1.0 V, in an oxidative direction with respect to 
the Prussian Blue working electrode, the device changes from colourless/transparent to a 
deep blue with a purple component due to the colouration of the di-n-heptyl viologen 
cation-radical salt and the conversion of Prussian White into Prussian Blue. Measurement 
of the chromaticity coordinates %YLxy, as a function of time, allowed changes in the 
device’s colour to be followed (Figure 5.14). With a decrease in L*, a positive change 
(towards red) in a* and a negative change (towards blue) in b*, quantifying the colour state 
(red + blue = deep blue with a purple component). This device exhibited a larger changes 
for its L*, a* and b* colour coordinates than the previous device that contain half the 
viologen concentration. On application of the potential step, −1.0 V to +1.0 V, the 
device’s colour change initiates from its centre propagating outwards until the whole 
device has switched. Both electrochromic materials appear to change at the same rate and 
in the same pattern. This observation represents visual confirmation of a mechanism 
whereby the rate-of-change is controlled by one of the electrochromic materials, more 
specifically the viologen species as this is under diffusion control. 
The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
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the colourless Prussian White film are reduced and oxidised respectively to yield the 
pink/purple viologen cation-radical and Prussian Blue. A CIE 1931 colour space, showing 
the colour trajectory of the device when subject to the potential step is shown in Figure 
5.14. This plot shows the colour path taken by the device whilst switching between its on 
(deep blue with a purple component) and off (colourless) state. For this device λd = 450 nm 
as shown in Figure 5.14. This is circa halfway between the UV-vis spectra λmax for each 
electrochromic material individually, indicating that both species are contributing towards 
the overall colour of the device.  
 
The switching times for this device are shown in Table 5.8. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The hypotheses behind this finding are explained in the previous 
section. 
 
Table 5.8 – Table of spectroscopic switching times for a Prussian Blue/di-n-heptyl viologen (10 
mmol dm−3) electrochromic device. Values shown in this table were calculated from data shown in 
Figure 5.13. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 1.445 1.00 4.33 
Coloured to colourless 0.859 0.60 2.57 
 
The affect of changing the solution type I/II chromophores on the chromaticity coordinates 
has been examined. Now the metal hexacyanometallate (type III electrochrome) is 
replaced to Ruthenium Purple, to create a novel reinforcing electrochromic device.  
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5.2.5 Ruthenium Purple and di-methyl viologen (5 mmol dm−3) 
electrochromic device 
 
 
 
Figure 5.16 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −0.5 V to 1.5 V to −0.5 V. The device consisted of 
Ruthenium Purple/di-methyl viologen (5 mmol dm−3) with potassium bromide (0.5 mol dm−3) as the 
supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Ruthenium Purple coated electrode, and the counter/reference wires were 
shorted together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance 
spectra between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. 
The arrows indicate the direction of change in absorbance. 
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Figure 5.17 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Ruthenium Purple/di-methyl viologen (5 mmol dm−3). 
Luminance and colorimetry data were obtained from the virtual colorimeter. The arrows show the 
colorimetric path taken during the potential steps (−0.5 V to 1.5 V to −0.5 V). 
 
 
Figure 5.18 – Photographs of the electrochromic switching of a Ruthenium Purple/di-methyl 
viologen (5 mmol dm−3) device. The device is shown in (a) its colourless  and (b) its coloured state.  
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The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Ruthenium Purple/di-methyl viologen (5 mmol dm−3) electrochromic device, in 
its on and off states, are shown in Table 5.9. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated.  
 
Table 5.9 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Ruthenium Purple/di-methyl viologen (5 mmol dm−3) electrochromic device. The device is switched 
between its on and off states via a square wave potential step from −0.5 V to +1.5 V, and vice 
versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.333 0.348 100.0% 100 0 1 
On Coloured) 0.317 0.313 67.8% 86 9 -15 
 
When the device is in its off state (−0.5 V), the redox state for the viologen is the 
colourless di-methyl viologen dichloride, with the metal hexacyanometallate in its 
Ru2+/Fe2+ Ruthenium White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.333, y = 0.348, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +1.5 V, in an oxidative direction with respect to 
the Ruthenium Purple working electrode, the device changes from colourless/transparent to 
a light purple due to the colouration of the di-methyl viologen cation-radical salt and the 
conversion of Ruthenium White into Ruthenium Purple (a coloured intervalence charge 
transfer complex). Measurement of the chromaticity coordinates %YLxy, as a function of 
time, allowed changes in the device’s colour to be followed (Figure 5.17). With a decrease 
in L*, a positive change (towards red) in a* and a negative change (towards blue) in b*, 
quantifying the colour state (red + blue = light purple). On application of the potential 
step, −0.5 V to +1.5 V, the device’s colour change initiates from its centre propagating 
outwards until the whole device has switched. Both electrochromic materials appear to 
change at the same rate and in the same pattern. This observation represents visual 
confirmation of a mechanism whereby the rate-of-change is controlled by one of the 
electrochromic materials, more specifically the viologen species as this is under diffusion 
control. 
 
The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
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the colourless Ruthenium White film are reduced and oxidised respectively to yield the 
purple viologen cation-radical and Ruthenium Purple. A CIE 1931 colour space, showing 
the colour trajectory of the device when subject to the potential step is shown in Figure 
5.17. This plot shows the colour path taken by the device whilst switching between its on 
(light purple) and off (colourless) state. For this device λc = 565 nm as shown in Figure 
5.17. This is comparable to the UV-vis spectra λmax for for both species (although the 
viologen species has several λmax).  
 
The switching times for this device are shown in Table 5.10. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The hypotheses behind this finding are explained in section 5.2.1. 
 
Table 5.10 – Table of spectroscopic switching times for a Ruthenium Purple/di-methyl viologen (5 
mmol dm−3) electrochromic device. Values shown in this table were calculated from data shown in 
Figure 5.16. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 3.38 2.34 10.11 
Coloured to colourless 2.14 1.48 6.41 
 
Measurements were next taken using a higher concentration of di-methyl viologen, in 
order to explore the changes in colour coordinate and luminance. 
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5.2.6 Ruthenium Purple and di-methyl viologen (10 mmol dm−3) 
electrochromic device 
 
 
 
Figure 5.19 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −0.5 V to 1.5 V to −0.5 V. The device consisted of 
Ruthenium Purple/di-methyl viologen (10 mmol dm−3) with potassium bromide (0.5 mol dm−3) as 
the supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Ruthenium Purple coated electrode, and the counter/reference wires were 
shorted together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance 
spectra between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. 
The arrows indicate the direction of change in absorbance. 
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Figure 5.20 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Ruthenium Purple/di-methyl viologen (10 mmol dm−3). 
Luminance and colorimetry data were obtained from the virtual colorimeter. The arrows show the 
colorimetric path taken during the potential steps (−0.5 V to 1.5 V to −0.5 V). 
 
 
Figure 5.21 – Photographs of the electrochromic switching of a Ruthenium Purple/di-methyl 
viologen (10 mmol dm−3) device. The device is shown in (a) its colourless and (b) its coloured state. 
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The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Ruthenium Purple/di-methyl viologen (10 mmol dm−3) electrochromic device, in 
its on and off states, are shown in Table 5.11. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated.  
 
Table 5.11 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Ruthenium Purple/di-methyl viologen (10 mmol dm−3) electrochromic device. The device is 
switched between its on and off states via a square wave potential step from −0.5 V to +1.5 V, and 
vice versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.332 0.348 100.0% 100 0 0 
On Coloured) 0.311 0.292 54.2% 79 15 -22 
 
When the device is in its off state (−0.5 V), the redox state for the viologen is the 
colourless di-methyl viologen dichloride, with the metal hexacyanometallate in its 
Ru2+/Fe2+ Ruthenium White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.332, y = 0.348, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +1.5 V, in an oxidative direction with respect to 
the Ruthenium Purple working electrode, the device changes from colourless/transparent to 
a purple due to the colouration of the di-methyl viologen cation-radical salt and the 
conversion of Ruthenium White into Ruthenium Purple. Measurement of the chromaticity 
coordinates %YLxy, as a function of time, allowed changes in the device’s colour to be 
followed (Figure 5.20). With a decrease in L*, a positive change (towards red) in a* and a 
negative change (towards blue) in b*, quantifying the colour state (red + blue = purple). 
Both devices that consist of Ruthenium Purple and Methyl viologen show uniform changes 
in their L*a*b* chromaticity coordinates. This is why the device in almost perfectly 
reinforcing with respect to its colour. On application of the potential step, −0.5 V to +1.5 
V, the device’s colour change initiates from its centre propagating outwards until the 
whole device has switched. Both electrochromic materials appear to change at the same 
rate and in the same pattern. This observation represents visual confirmation of a 
mechanism whereby the rate-of-change is controlled by one of the electrochromic 
materials, more specifically the viologen species as this is under diffusion control. 
The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
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the colourless Ruthenium White film are reduced and oxidised respectively to yield the 
purple viologen cation-radical and Ruthenium Purple. A CIE 1931 colour space, showing 
the colour trajectory of the device when subject to the potential step is shown in Figure 
5.20. This plot shows the colour path taken by the device whilst switching between its on 
(purple) and off (colourless) state. For this device λc = 565 nm as shown in Figure 5.20. 
This is comparable to the UV-vis spectra λmax for for both species (although the viologen 
species has several λmax). 
 
The switching times for this device are shown in Table 5.12. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The hypotheses behind this finding are explained in section 5.2.1. 
 
Table 5.12 – Table of spectroscopic switching times for a Ruthenium Purple/di-methyl viologen (10 
mmol dm−3) electrochromic device. Values shown in this table were calculated from data shown in 
Figure 5.19. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 3.346 2.312 10.023 
Coloured to colourless 0.943 0.654 2.825 
 
To test the affect of changing one of the chromophores on the chromaticity coordinates for 
this Ruthenium Purple containing device, di-methyl viologen (purple) was replaced with 
di-n-heptyl viologen (pink-purple). This change also affected the potential step applied to 
the device as formation of the di-n-heptyl viologen radical cation occurs at lower reducing 
potentials. This also avoids complexities associated with the second reduction and the 
comproportionation reaction of the viologen. 
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5.2.7 Ruthenium Purple and di-n-heptyl viologen (5 mmol dm−3) 
electrochromic device 
 
 
 
Figure 5.22 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −1.0 V to 0.75 V to −1.0 V. The device consisted of 
Ruthenium Purple/di-n-heptyl viologen (5 mmol dm−3) with potassium bromide (0.5 mol dm−3) as 
the supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Ruthenium Purple coated electrode, and the counter/reference wires were 
shorted together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance 
spectra between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. 
The arrows indicate the direction of change in absorbance. 
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Figure 5.23 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Ruthenium Purple/di-n-heptyl viologen (5 mmol dm−3). 
Luminance and colorimetry data were obtained from the virtual colorimeter. The arrows show the 
colorimetric path taken during the potential steps (−1.0 V to 0.75 V to −1.0 V). 
 
 
Figure 5.24 – Photographs of the electrochromic switching of a Ruthenium Purple/di-n-heptyl 
viologen (5 mmol dm−3) device. The device is shown in (a) its colourless and (b) its coloured state. 
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The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Ruthenium Purple/di-n-heptyl viologen (5 mmol dm−3) electrochromic device, in 
its on and off states, are shown in Table 5.13. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated.  
 
Table 5.13 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Ruthenium Purple/di-n-heptyl viologen (5 mmol dm−3) electrochromic device. The device is 
switched between its on and off states via a square wave potential step from −1.0 V to +0.75 V, 
and vice versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.332 0.348 100.0% 100 0 0 
On Coloured) 0.326 0.267 40.9% 70 31 -27 
 
When the device is in its off state (−1.0 V), the redox state for the viologen is the 
colourless di-n-heptyl viologen dibromide, with the metal hexacyanometallate in its 
Ru2+/Fe2+ Ruthenium White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.332, y = 0.348, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +0.75 V, in an oxidative direction with respect to 
the Ruthenium Purple working electrode, the device changes from colourless/transparent to 
a pink/purple due to the colouration of the di-n-heptyl viologen cation-radical salt and the 
conversion of Ruthenium White into Ruthenium Purple. Measurement of the chromaticity 
coordinates %YLxy, as a function of time, allowed changes in the devices colour to be 
followed (Figure 5.23). With a decrease in L*, a small positive change (towards red) in a* 
and a negative change (towards blue) in b*, quantifying the colour state (red (larger 
amount) + blue = pink/purple). On application of the potential step, −1.0 V to +0.75 V, 
the device’s colour change initiates from its centre propagating outwards until the whole 
device has switched. Both electrochromic materials appear to change at the same rate and 
in the same pattern. This observation represents visual confirmation of a mechanism 
whereby the rate-of-change is controlled by one of the electrochromic materials, more 
specifically the viologen species as this is under diffusion control. 
 
The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
the colourless Ruthenium White film are reduced and oxidised respectively to yield the 
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pink/purple viologen cation-radical and Ruthenium Purple. A CIE 1931 colour space, 
showing the colour trajectory of the device when subject to the potential step is shown in 
Figure 5.23. This plot shows the colour path taken by the device whilst switching between 
its on (pink/purple) and off (colourless) state. For this device λc = 555 nm as shown in 
Figure 5.23. This is comparable to the UV-vis spectra λmax for both species (although the 
viologen species has several λmax).   
 
The switching times for this device are shown in Table 5.14. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The hypotheses behind this finding are explained in section 5.2.3. 
 
Table 5.14 – Table of spectroscopic switching times for a Ruthenium Purple/di-n-heptyl viologen (5 
mmol dm−3) electrochromic device. Values shown in this table were calculated from data shown in 
Figure 5.22. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 11.11 7.70 33.28 
Coloured to colourless 2.12 1.47 4.40 
 
Measurements were next taken using a higher concentration of di-methyl viologen, in 
order to explore the changes in colour coordinate and luminance. 
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5.2.8 Ruthenium Purple and di-n-heptyl viologen (10 mmol dm−3) 
electrochromic device 
 
 
 
Figure 5.25 – The current (a) and UV-vis absorbance response (b), (c) and (d) of an electrochromic 
device subjected to a potential step from −1.0 V to 0.75 V to −1.0 V. The device consisted of 
Ruthenium Purple/di-n-heptyl viologen (10 mmol dm−3) with potassium bromide (0.5 mol dm−3) as 
the supporting electrolyte. The UV-vis absorbance spectra at multiple wavelengths were recorded 
every 1 s and for single wavelength measurements every 0.1 s. The working electrode lead was 
connected to the Ruthenium Purple coated electrode, and the counter/reference wires were 
shorted together and connected to the other ITO electrode. Plot (b) is the UV-vis absorbance 
spectra between 20 and 40 s, and plot (c) is the UV-vis absorbance spectra between 40 and 60 s. 
The arrows indicate the direction of change in absorbance. 
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Figure 5.26 – (a) Integrated potential step, (b) calculated relative luminance vs. time, (c) colour 
trajectory in the CIE 1931 colour space and (d) magnified view for the electrochemical switching of 
an electrochromic device consisting of Ruthenium Purple/di-n-heptyl viologen (10 mmol dm−3). 
Luminance and colorimetry data were obtained from the virtual colorimeter. The arrows show the 
colorimetric path taken during the potential steps (−1.0 V to 0.75 V to −1.0 V). 
 
 
Figure 5.27 – Photographs of the electrochromic switching of a Ruthenium Purple/di-n-heptyl 
viologen (10 mmol dm−3) device. The device is shown in (a) its colourless and (b) its coloured state. 
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The in situ CIE 1931 percent colorimetric luminance (%YL) and colour coordinates (x and 
y), for the Ruthenium Purple/di-n-heptyl viologen (10 mmol dm−3) electrochromic device, 
in its on and off states, are shown in Table 5.15. In addition to %YL, x, and y, the L*a*b* 
coordinates are calculated.  
 
Table 5.15 – Numerical chromaticity coordinates (CIE 1931 %YLxy and CIELAB L*a*b*) for a 
Ruthenium Purple/di-n-heptyl viologen (10 mmol dm−3) electrochromic device. The device is 
switched between its on and off states via a square wave potential step from −1.0 V to +0.75 V, 
and vice versa. 
Device state x y %YL L* a* b* 
Off (Colourless) 0.333 0.349 100.0% 100 0 1 
On Coloured) 0.329 0.240 32.1% 63 44 -34 
 
When the device is in its off state (−1.0 V), the redox state for the viologen is the 
colourless di-n-heptyl viologen dibromide, with the metal hexacyanometallate in its 
Ru2+/Fe2+ Ruthenium White redox state (which is also colourless). The chromaticity 
coordinates of the device in the off state (x = 0.333, y = 0.349, and %YL = 100) are very 
close to that of the white point (x = 0.332, y = 0.347, and %YL = 100) for a D55 illuminant 
source. When the device is switched on, +0.75 V, in an oxidative direction with respect to 
the Ruthenium Purple working electrode, the device changes from colourless/transparent to 
a pink/purple due to the colouration of the di-n-heptyl viologen cation-radical salt and the 
conversion of Ruthenium White into Ruthenium Purple. Measurement of the chromaticity 
coordinates %YLxy, as a function of time, allowed changes in the device’s colour to be 
followed (Figure 5.26). With a decrease in L*, a small positive change (towards red) in a* 
and a negative change (towards blue) in b*, quantifying the colour state (red (larger 
amount) + blue = pink/purple). On application of the potential step, −1.0 V to +0.75 V, 
the device’s colour change initiates from its centre propagating outwards until the whole 
device has switched. Both electrochromic materials appear to change at the same rate and 
in the same pattern. This observation represents visual confirmation of a mechanism 
whereby the rate-of-change is controlled by one of the electrochromic materials, more 
specifically the viologen species as this is under diffusion control. 
 
The changes in chromaticity coordinates occur as the colourless di-cationic viologen and 
the colourless Ruthenium White film are reduced and oxidised respectively to yield the 
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pink/purple viologen cation-radical and Ruthenium Purple. A CIE 1931 colour space, 
showing the colour trajectory of the device when subject to the potential step is shown in 
Figure 5.26. This plot shows the colour path taken by the device whilst switching between 
its on (pink/purple) and off (colourless) state. For this device λc = 555 nm as shown in 
Figure 5.26. This is comparable to the UV-vis spectra λmax for both species (although the 
viologen species has several λmax). 
 
The switching times for this device are shown in Table 5.16. The bleaching processes 
observed, both visually and through the data, is a significantly faster process than the 
colouration mechanism. The hypotheses behind this finding are explained in section 5.2.3. 
 
Table 5.16 – Table of spectroscopic switching times for a Ruthenium Purple/di-n-heptyl viologen 
(10 mmol dm−3) electrochromic device. Values shown in this table were calculated from data shown 
in Figure 5.25. 
Device state change τ / s t½ / s t0.95 / s 
Colourless to coloured 13.477 9.341 40.373 
Coloured to colourless 0.943 0.654 2.825 
 
5.2.9 Discussion of electrochromic devices 
 
The UV-vis absorbance spectra for every device are presented, alongside the electrical, and 
colorimetric responses resulting from a series of applied potential steps. Finally, a 
photograph of each of the devices is shown in its off (colourless) and on (coloured) states. 
Each graph shows several wavelength maxima, which correspond to the metal 
hexacyanometallate (ca. 708nm for Prussian Blue and 555nm Ruthenium Purple), and the 
viologen cation-radical (ca. 366 and 396 nm for the different di-methyl viologen species 
and 376 nm for di-n-heptyl viologen where both di-methyl and di-n-heptyl viologen also 
have a broad adsorption band ca. 400-700 nm), used. The reported spectra are the 
composite spectra of the two materials used, both of which are reported earlier in the thesis 
(viologens in Chapter 3 – Quantifying colour and Ruthenium Purple in Chapter 4 – 
Ruthenium Purple). Monitoring across the full visible spectrum, 300-780 nm, allowed 
colorimetric data to be obtained (when using the virtual colorimeter), whereas monitoring 
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at single wavelengths produces information related to the switching time of the device 
between its different states. When examining both electrical and spectroscopic data it is 
noted that in every case the decolouration time is significantly shorter than the colouration 
process. This is most likely a result of the time taken for the viologen species to diffuse to 
the electrode surface. However, similar results have been reported for some type III 
electrochromic materials elsewhere [18].  When the concentration of viologen was doubled 
in the electrochromic devices, the amount of absorbance did not. Therefore, it is thought 
that this device design is self-balancing with respect to charge. The amount of colouration 
is controlled by the amount of the limiting electrochromic material.  
 
In situ colorimetric measurements were obtained in each case by using the absorbance data 
obtained as an input to the virtual colorimeter. The in situ colorimetry of these 
electrochromic devices using the virtual colorimeter allowed accurate, dynamic 
measurements of the hue, saturation and luminance to be made, whilst changing the redox 
properties of the electrochromic materials used in the device [19-20]. The standard illuminant 
was set to a D55 source (a constant temperature (5500K) light source, simulating mid-
morning to mid-afternoon natural light). For devices constructed using Prussian Blue the 
dominant wavelength is shown, whereas when Ruthenium Purple was used the 
complementary wavelength is shown [21]. In both cases this wavelength describes the hue 
of the devices colour (either directly, or in a complementary sense). The value of the hue in 
both cases was changed when using the different viologen species, di-methyl viologen 
cation-radical giving a deeper purple colour compared to the pink/red di-n-heptyl viologen 
cation-radical. This indicates that specific shades or hues can be easily achieved by 
changing the viologen whilst keeping the type III material constant. Colour trajectories 
and luminance vs. time plots were created for each device from their UV-vis data, which 
was recorded at 1 s intervals between 300-780 nm, whilst performing the potential steps. 
The luminance of the devices decreases steadily when the first potential step is applied 
before asymptoting to a particular value. When the second potential step is applied, the 
luminance sharply increased before asymptoting towards its original values of 100 %. 
Interestingly, this data could be used to calculate switching times, as it is of similar form to 
the coulometric and single-wavelength responses also shown. The colour trajectories for 
the four di-methyl viologen containing devices showed significant hysteresis, indicating 
that the colouration/decolouration mechanisms are different, most likely due to the 
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presence of different species being formed i.e. the dimerization reaction (as discussed in 
Chapter 3 – Quantifying colour, section 3.6). Several other interesting responses were also 
obtained, involving the paths of the colour trajectories. Further development in 
understanding these plots is required, however, for their accurate interpretation.  
 
From the data collected for each electrochromic device, it was possible to extract 
characteristic parameters that are useful when describing or comparing a device’s 
performance (see section 1.3 for an overview of these parameters). The calculated 
parameters for each device are shown in Table 5.17. 
 
Table 5.17 – Some calculated properties of the eight fabricated electrochromic devices. including 
maximum UV-vis absorbance (λmax / nm), dominant/complementary wavelength (λd/c / nm), 
transmittance in the off and on state (%Ton/off), change in percent transmittance (Δ%T), contrast 
ratio (CR), change in optical density (ΔOD), and coloration efficiency (CE / cm2 C−2). 
Electrochromic 
device 
λmax / 
nm 
λd/c / 
nm 
%Toff / 
%Ton 
Δ%T CR ΔOD 
CE / 
cm2 C−1 
PB and MV 
(5 mmol dm−3) 
678 475 100/17.0 83.0 5.89 0.77 106.57 
PB and MV 
(10 mmol dm−3) 
678 475 99.7/6.6 93.1 15.11 1.18 85.95 
PB and HpV 
(5 mmol dm−3) 
708 450 100/22.3 77.7 4.48 0.65 146.35 
PB and HpV 
(10 mmol dm−3) 
708 450 100/10.4 89.4 9.62 0.98 132.83 
RP and MV 
(5 mmol dm−3) 
556 565 98.4/63.3 35.1 1.55 0.19 99.92 
RP and MV 
(10 mmol dm−3) 
556 565 99.9/48.5 51.4 2.06 0.31 44.68 
RP and HpV 
(5 mmol dm−3) 
556 555 99.9/24.9 75.0 4.01 0.60 280.70 
RP and HpV 
(10 mmol dm−3) 
556 555 99.4/18.3 81.1 5.44 0.74 179.41 
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It can be seen that each device pair (metal hexacyanometallate/viologen with the viologen 
present for two different concentrations), has its own distinct UV-vis wavelength maxima 
and dominant/complementary wavelength. However, the absorbance spectra for the 
viologen compounds are much more complex than that of the metal hexacyanometallates 
(over the UV-vis wavelength range), and contain many absorbance maxima. Therefore, the 
most influential peak was picked and is shown in Table 5.17 (typically being the peaks 
towards the middle or higher wavelengths as both the viologens and metal 
hexacyanometallates have absorbance maxima within this range). As was expected for 
devices containing the higher viologen concentration, greater changes in luminance and 
transmittance were observed. Values for the change in a device’s transmittance between its 
on and off state range from 35.1% to 93.1%. These values were subsequently used to 
calculate the contrast ratio, coloration efficiency change in optical density. However, 
despite these parameters being commonly used throughout the literature to describe 
electrochromic materials and devices, they are not ideal. For example, contrast ratio is 
heavily weighted towards minute changes in transmittance. A change of 100→10 and 
1→0.1 in transmittance will give the same contrast ratio, despite ΔT being 90 times larger 
in the first example. The coloration efficiencies shown are reasonable values (i.e. a typical 
redox dye will exhibit a value between 100-200 cm2 C−1) [22]. However, these are made 
artificially low in the devices presented here by the small amount of oxygen that is present 
in the cell, which increases the charge value thus lowering the coloration efficiency. 
 
For each electrochromic device every experiment was repeated six times, in order to 
ensure the data was reproducible. Although this doesn’t constitute a conclusive stability 
study, it demonstrates that the devices are stable and reproducible over short term 
repetitive cycling. In addition to this, the devices were tested again after seven days, using 
no specific storage conditions and exposed to both light and air. The repeated experiments 
results indicate that the devices exhibited no degradation in appearance and performance 
(both electrochemically and spectroscopically).  
 
Some of the charge vs. time plots appear to show that the electrochemical reactions are not 
complete, and therefore differ from the UV-vis and colorimetric luminence plots. This is 
attributed to the presence of molecular oxygen, as the reduction potentials utilized to 
perform redox chemistry on the electrochromic materials overlap with the reduction 
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potential of dissolved molecular oxygen. This reduction process will become part of the 
current/time transient, thus adding to the total charge passed, but not contribute towards 
any spectroscopic change, thus causing a discrepancy between the two readings.  
 
From an energy usage perspective, when switching between the coloured and colourless 
state of these devices a lower applied voltage would mean a lower power consumption and 
chance of unwanted side reactions, or solvent decomposition. All of these devices operate 
by applying a potential equal to or less than 2.5 V, with the Ruthenium Purple/heptyl 
viologen device only requiring a 1.75 V applied potential different (relative to the 
electrochromic device electrodes). It is worth noting that the same spectro-electro response 
for each device is observed if the electrodes, and also the sign of the switching potentials, 
are reversed. This is due to the symmetric design of the electrochromic device [23].  
 
Finally, all of these devices demonstrate the memory effect. Upon switching to the 
coloured state the device remains coloured for up to several days before the type II 
viologen containing devices lose their colour (this happens significantly faster for the type 
I viologen devices due to the diffusion of the viologen towards the metal 
hexacyanometallate film resulting in a self-decolourisation mechanism). All of the devices 
appear to remain in their colourless state permanently, with no loss of transparency 
observed. 
 
5.3 Conclusion 
 
Eight novel electrochromic devices were developed. Each consisted of two redox-
complementary electrochromic materials, a metal hexacyanometallate thin film (type III 
electrochromic material) and an n-alkyl viologen (type I and II electrochromic material at 
two different concentrations). The two devices fabricated from Ruthenium Purple and di-
methyl viologen were also colour reinforcing, where both the anode and cathode 
simultaneously exhibit comparable colour responses. In particular when, the anode is 
Ruthenium Purple and the cathode is di-methyl viologen. This “two-sided” device provides 
twice the luminance of a conventional “one-sided” device of the same material. 
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Considerable effort was directed into the design of the device, where many challenges 
were overcome. 
 
Finally, analysis of the colour trajectories plots for each of the devices has been shown. It 
is observed that the colour change mechanism is a state-function when using a type II/III 
electrochromic material combination with a more complex response observed when using 
a type I/III electrochromic material combination. 
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Chapter 6 – Advanced theoretical and 
experimental studies of metal 
hexacyanometallates 
 
6.1 Modelling metal hexacyanometallates as thin films 
 
6.1.1 Introduction 
 
The redox behaviour of metal hexacyanometallates is an example of thin layer 
electrochemistry. Reviews of thin layer electrochemistry (both theory and applications) [1-7] 
describe systems that range in thickness from monolayer dimensions to tens of 
micrometers. It was recognised early on that voltammograms could be recorded on 
micrometer-thick films without encountering rate limitations from mass transport [1]. 
However, most research has focussed on systems of monolayer dimensions [1-2]. In the 
present work, micrometer thick films were of interest due to the need for high contrast in 
electrochromic devices. 
 
In the absence of mass transport limitations, the rate limiting process in thin layer films is 
simply the exhaustion of reactant species [1]. This simplifying feature makes it possible to 
derive the theoretical shapes of voltammograms for many different reaction schemes [1-8]. 
In a few cases it has also proved possible to model cooperative phenomena inside the films 
using adsorption isotherms (Langmuir, Frumkin, etc.) [7]. In general, however, very little 
work has been carried out on the modelling of thin film intercalation reactions. A notable 
exception is the work of Peerce and Bard [3], who reported the digital simulation of the 
cyclic voltammograms of electroactive polymer films on platinum. But explicit formulae 
were not given. The intercalation/exclusion reactions that occur for Prussian Blue, the 
prototype metal hexacyanometallate, are 
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! 
KFe3+[Fe2+(CN)6] +  e- +  K+ " #  
K2Fe2+[Fe2+(CN)6] (PB#PW)
 Equation 6.1  
 
! 
KFe3+[Fe2+(CN)6]{ }3  -  2e
- -  2K+ " #   
Fe3+[Fe3+(CN)6]{ }2 KFe
3+[Fe2+(CN)6]{ } (PB#PG)
 Equation 6.2 
 
! 
KFe3+[Fe2+(CN)6] -  e- -  K+ " #   Fe3+[Fe3+(CN)6]
(PB#PX)  
Equation 6.3 
 
Prussian Blue is a charge transfer complex that contains a high-spin ferric ions, coupled to 
a low-spin ferrous ions via cyanide bridges. Due to its large, open cubic lattice structure, 
intercalating cations can move quickly into and out of the film when required i.e. when the 
redox state of one of the ion centers is altered.  
 
In another study, Ellis et al. [9] modelled the oxidation and reduction of thin films of 
Prussian Blue using the theory of non-ideal solutions. Using the activity coefficient as an 
adjustable parameter, theoretical current-voltage curves were made to fit the experimental 
curves near their maxima. However, the meaning of the activity coefficient was not 
elaborated. 
 
A perennial problem in laboratory studies of thin film electrochemical systems is the 
asymmetry of voltammograms, whose origin has so far defied analysis. As shown later on, 
this can be traced to the irreversibility of the intercalation process. Another well-known 
problem is the distortion of voltammograms caused by uncompensated solution resistance, 
particularly in the case of macroscopic, planar, electrodes [10]. In the present work this was 
solved by the novel use of arrays of microelectrodes [11]. Finally, the concentration of the 
intercalating ions was included in the theoretical description of the voltammograms. 
 
6.1.2 Microelectrode voltammetry 
 
It was of interest to explore the redox behaviour (voltammetric wave shapes) of thin films 
of Prussian Blue and Ruthenium Purple, and also to investigate the effect of intercalating 
cations on their voltammetric responses. In order to do this with maximum clarity (i.e. with 
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no diffusion control by species in the bulk of solution) thin films of both compounds were 
deposited on random assembly of carbon micro-disk electrodes (RAM™) [12]. The use of 
the RAM electrode avoided distortions caused by diffusion control and IR drop [11,13]. 
These problems commonly afflict electrochemical measurements on macroelectrodes, and 
restrict them to systems having high concentrations of supporting electrolyte. By contrast, 
electrochemical measurements on microelectrodes can be made routinely over more than 
four orders of magnitude of concentration of supporting electrolyte. Some typical results 
are shown in Figure 6.1 and Figure 6.2. The peak’s sharpness and lack of distortion 
indicates that the rates of all of the electrochemical reactions are controlled by processes in 
the solid state, and also confirms that there is no rate control by chemical reactions or mass 
transport in solution. 
 
 
Figure 6.1 – Effect of [K+] on the redox behaviour of Prussian Blue. Data recorded on a RAM™ 
electrode (five hundred carbon micro disks, each of 7 µm diameter, arranged in parallel). All the 
micro disks were coated with a layer of solid Prussian Blue (465.69 mC cm−2) by electrodeposition 
from an aqueous solution containing potassium hexacyanoferrate(II) (0.5 mmol dm−3); iron(III) 
chloride (0.5 mmol dm−3); and potassium chloride (35 mmol dm−3) set at pH 2 with hydrochloric 
acid. The potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. 
Ag/AgCl in 3.0 mol dm−3 NaCl), 8 times at 50 mVs−1. Varying concentrations of [K+] were: (a) 4.2 
mol dm−3; (b) 0.42 mol dm−3; (c) 0.042 mol dm−3; (d) 0.0042 mol dm−3; and (e) 0.00042 mol dm−3. 
Scan rate ν was 20 mV s−1. Voltammograms started at +0.6 V. Arrow indicates the scan direction. 
 
The Prussian Blue films (Figure 6.1) had been deposited by cycling bare carbon micro disk 
electrodes between +0.6 V and –0.2 V (25 cycles), in a freshly-prepared aqueous solution 
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of 0.5 mmol dm–3 potassium hexacyanoferrate(II), 0.5 mmol dm–3 iron(III) chloride, and 
35 mmol dm–3 potassium chloride, all adjusted to pH 2.0 with hydrochloric acid. Potentials 
were measured versus Ag/AgCl in 3.0 mol dm–3 NaCl. The precise composition of the 
deposited films was not known, but they all exhibited the well-known electrochromic 
transition between Prussian Blue and Prussian White at circa 0.1 V (when in 0.042 mol 
dm−3 KCl). Most likely the films were Fe3+K+Fe2+(CN)6 or (Fe3+)4(Fe2+(CN)6)3 (or a 
mixture of both) [9-10]. 
 
Figure 6.2 – Effect of [K+] on the redox behaviour of Ruthenium Purple. Data recorded on a RAM™ 
electrode (five hundred carbon micro disks, each of 7 µm diameter, arranged in parallel). All the 
micro disks were coated with Ruthenium Purple (11.88 mC cm−2), by electrodeposition from an 
aqueous solution containing potassium hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride 
(0.5 mmol dm−3); potassium chloride (35 mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) 
set at pH 2 with hydrochloric acid. The potential was held at +0.6 V for 5 s and then cycled, +0.6 V 
→ −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 8 times at 50 mVs−1. Varying 
concentrations of [K+] were: (a) 4.2 mol dm−3; (b) 0.42 mol dm−3; (c) 0.042 mol dm−3; (d) 0.0042 mol 
dm−3; and (e) 0.00042 mol dm−3. Scan rate ν was 20 mV s−1. Voltammograms started at +0.6 V. 
Arrow indicates the scan direction. (See also Figure 4.14). 
 
The Ruthenium Purple films (Figure 6.2) had been deposited by cycling bare carbon micro 
disk electrodes between +0.6 V and –0.2 V vs. Ag/AgCl 3.0 mol dm−3 NaCl (8 cycles), in a 
freshly-prepared aqueous solution of 0.5 mmol dm–3 potassium hexacyanoruthenate(II), 
0.5 mmol dm–3 iron(III) chloride, 20 µmol dm–3 ruthenium(III) chloride, and 35 mmol dm–
3 potassium chloride, all adjusted to pH 2 with hydrochloric acid. Potentials were measured 
versus Ag/AgCl in 3.0 mol dm–3 NaCl. The precise composition of the deposited films was 
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not known, but they all exhibited the well-known electrochromic transition between 
Ruthenium Purple and Ruthenium White at circa 0.1 V (when in 0.042 mol dm−3 KCl). 
Most likely the films were Fe3+K+Ru2+(CN)6 or (Fe3+)4(Ru2+(CN)6)3 (or a mixture of both) 
[10]. 
 
For each voltammetric scan shown, the solution concentration of potassium chloride was 
changed in sequence by a factor of ten, beginning and ending with the most concentrated 
(4.2 mol dm–3). For each voltammogram the second scan is shown. It is clear that for both 
oxidation and reduction processes the voltammetric peaks shift by ~60 mV decade−1, 
indicating a quasi-Nernstian one-electron transfer process. This agrees with earlier 
measurements made on macroelectrodes by Ellis et al. [9]. 
 
6.1.3 Theory 
 
Formally, the overall reactions for thin films of Prussian Blue and Ruthenium Purple may 
be summarized as: 
 
 
! 
Fe3+K+Fe2+ (CN")6   +    K+    +    e"⇌
! 
  Fe2+K2+Fe2+ (CN")6   Equation 6.4 
     
! 
           SOLID                               SOLN.     ELECTRODE               SOLID  
 
! 
Fe3+K+Ru2+ (CN")6   +    K+    +    e"⇌
! 
  Fe2+K2+Ru2+ (CN")6   Equation 6.5 
                             
! 
           SOLID                               SOLN.     ELECTRODE               SOLID  
 
However, neither reaction is perfectly reversible, as evidenced by the fact that the 
voltammograms are not symmetric (in terms of peak shape and peak position, relative to 
the reversible potential). Thus, the backward voltammetric scans represent a different 
sequence of events than the reverse of the forward voltammetric scans. 
 
In order to model the kinetics of these reactions it is first necessary to model the kinetics of 
electron transfer to an individual ion. It is then possible to use this result to model the 
progress of the reaction throughout the bulk of the thin film. This latter is assumed to be a 
uniform lamina or an array of small hemispherical nuclei. This elegant approach provides a 
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link between the fixed-concentration formula of Tafel and the diminishing concentration  
of reactant that is actually observed in thin films. 
 
Classically, in electrode kinetics, either a slow electron transfer step is rate determining or 
a slow chemical step is rate determining. The theory of Tafel slopes has recently been 
reviewed and new insights developed by Fletcher [8]. For a one-electron transfer process, if 
the electron transfer step is rate determining, the Tafel slope should be 120 mV decade−1. If 
the slow chemical step is rate determining, the Tafel slope should be 60 mV decade−1 [8].  
The general formula for a forward Tafel slope is: 
 
 
! 
b    =    "#
" log I
$ 
% 
& 
' 
( 
) 
c=const.
=    2.303RT
* fF
   +    60
* f
 Equation 6.6 
 
where η is the overpotential (mV), I is the current (A), R is the gas constant , T is absolute 
temperature (K) αf is the transfer coefficient of the forward reaction (dimensionless), and F 
is the Faraday constant. The transfer coefficient of the forward reaction is defined as 
 
 
! 
" f  =  np + nq#  Equation 6.7 
 
Similarly, for a reverse Tafel slope 
 
 
! 
"b  =  nq (1# $) + nr  Equation 6.8 
 
so that  
 
 
! 
" f +"b  =  np + nq + nr  =  ntotal Equation 6.9 
 
In these equations: α is the transfer coefficient; β is the symmetry factor (usually ½); np is 
the number of electrons transferred before the rate-determining step; nq is the number of 
electrons transferred in the rate-determining step; and nr is the number of electrons 
transferred after the rate-determining step. The other terms have their usual significance. 
For the cases of interest here 
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! 
(np, nq, nr ) = (1, 0, 0) Chemical step rate determining, narrow peak (α = 1) 
! 
(np, nq, nr ) = (0,1, 0) Electron transfer rate determining, wide peak (α = ½) 
 
In order to make further progress a mathematical model of the complete voltammogram 
was required. This can be derived on the basis that the electrochemical reaction inside the 
thin film behaves as an example of exhaustive electrolysis, with all the reactant species 
equally accessible. In that case, all the reactive species are effectively mobile and do not 
fall under diffusion control. The resulting theory is similar to the monolayer theory of 
Laviron [2] except that the films studied here are considerably thicker than monolayers 
(micrometer thickness) and also involve the intercalation of counter ions. 
 
The fundamental equation for the rate of reaction is 
 
 
! 
rate = k A[ ]m B[ ]n  Equation 6.10 
 
where: k is the rate constant; [A] is the concentration of metal hexacyanometallate species 
in the thin film; [B] is the concentration of the intercalating species in the bulk solution; 
and m and n are reaction orders. The rate of reaction may also be written in the form 
 
 
! 
rate = "d A[ ]dt  Equation 6.11 
 
By combining these two equations it becomes possible to determine the entire time course 
of [A], and hence the shape of the voltammogram. This may be achieved for different 
geometries of thin film, e.g. a uniform lamina or a single hemispherical nucleus. Assuming 
rapid chemical equilibrium and rapid diffusion inside the solid state, the results are 
(calculated by and obtained from Prof. Stephen Fletcher) 
 
For a lamina film of uniform density, initially unit activity, fixed area, and thickness L 
 
 
! 
I = nFAk1cB"1 exp
#F
RT E "
RT
#F
k1'cB"1
L$ exp
#F
RT E
% 
& 
' 
( 
) 
* 
% 
& 
' 
( 
) 
*  Equation 6.12 
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For a hemispherical nucleus, uniform density, initially unit activity, and radius r 
 
 
! 
I = nFAk1cB"1 exp
#F
RT E "
RT
#F
3
r
k1'cB"1
$
exp #FRT E
% 
& 
' 
( 
) 
* 
% 
& 
' 
( 
) 
*  Equation 6.13 
 
Hereafter only the lamina case is discussed. 
 
The effect of counter ion concentration cB on the linear scan voltammetry is readily 
determined and some representative data are shown in Figure 6.3, assuming 
! 
m = n =1. 
 
Figure 6.3 – Theoretical effect of counter ion concentration on the linear scan voltammetry for the 
intercalation of counter ions into a thin film. Assumed parameters n = 1.0, A = 10−4 m2, α = 1.0, L = 
10−5 m, ν = 0.001 V s−1, k1 = 10−10 mol2 s−1 cm−5. (a) [c] = 0.0001 mol cm−3, (b) [c] = 0.001 mol cm−3, 
(c) [c] = 0.01 mol cm−3 (d) [c] = 0.1 mol cm−3 (e) [c] = 1.0 mol cm−3. 
 
It can be seen that the voltammogram shifts (59.2 mV decade−1) in a positive direction 
with increasing concentration of counter ion, consistent with the experimental results, and 
consistent with the release of counter ions before the rate-determining step.  
 
The effect of changing the value of the transfer coefficient (α) in the linear scan 
voltammetry is shown in Figure 6.4. 
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Figure 6.4 – Effect of transfer coefficient α on the linear scan voltammetry for the intercalation of 
counter ions. Assumed parameters n = 1.0, A = 10–4 m2, L = 10–5 m, ν = 0.001 V s−1, [c] = 1.0 mol 
cm−3, k1 = 10–10 mol2 s−1 cm−5. (a) α = 1.00, (b) α = 0.50, (c) α = 0.25. 
 
It can be seen that the shape of the voltammogram is remarkably sensitive to the value of 
α. This provides a possible method of estimating α. 
 
The analytical theory also explains why the peak potentials in the voltammogram are 
functions of film thickness L. During a voltammetric scan it simply takes longer to exhaust 
the available quantity of reactant. In principle, it is therefore possible to determine the film 
thickness from a single experimental measurement (assuming rapid chemical equilibrium 
and rapid diffusion inside the solid state), although this would require a number a 
assumptions regarding the values of other parameters. The film thickness could also be 
estimated by integrating the area under the voltammogram. 
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Figure 6.5 – Effect of film thickness L on the linear scan voltammetry for the intercalation of counter 
ions. Assumed parameters n = 1.0, A = 10–4 m2, α = 1.0, ν = 0.001 V s–1, [c] = 1.0 mol cm3, k1 = 10–
10 mol2 s−1 cm−5. (a) L = 3 × 10–5 m, (b) L = 9 × 10–5 m, (c) L = 27 × 10–5 m. 
 
Finally, the theoretical effect of scan rate ν is shown in Figure 6.6. It is evident that the 
peak potential varies with scan rate, in contradistinction to the case of reversible 
voltammetry in a monolayer. This is a very characteristic feature of metal 
hexacyanometallate films. 
 
 
Figure 6.6 – Effect of scan rate ν on the linear scan voltammetry for the intercalation of counter 
ions. Assumed parameters n = 1.0, A = 10–4 m2, α = 1.0, L = 10–5 m, [c] = 1.0 mol cm–3, k1 = 10–10 
mol2 s−1 cm−5. (a) ν = 3 × 10–3 V s–1, (b) ν = 9 × 10–3 V s–1, (c) ν = 27 × 10–3 V s–1. 
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Comparison of the theoretical results with experimental data shows that the value of α 
depends on the scan direction for thin films of both Prussian Blue and Ruthenium Purple. 
On negative going scans α ≈ 1 (b = 60 mV decade−1, narrow peak), and for positive going 
scans α ≈ ½ (b = 120 mV decade−1, broad peak). These results are consistent with a model 
of the overall reaction in which the intercalation of cations is slow (rate determining) and 
the de-intercalation of cations is fast (electron transfer rate determining). 
 
Using the commercial software DigiSim® [14-15] it is possible to explore the thin-layer 
kinetics numerically for two cases not covered by the analytical theory. These are the cases 
of slow chemical equilibrium, and slow diffusion of ions through the solid state. The 
generic reaction scheme is 
 
 
! 
A + B + e" ks  or D# $ # #  C %  
kb
kf D  Equation 6.14 
 
and some typical results are shown in Figure 6.7 and Figure 6.8. Figure 6.7 shows the 
effects of slowing down the speed of the chemical equilibrium. A pronounced tailing 
appears in the voltammogram, of exponential form, which is absent in the real system. This 
indicates that chemical equilibration in the real system is rapid. 
 
 
Figure 6.7 – Effect of changing the chemical equilibrium on a linear voltammetric scan (a) K = 100 
(b) K = 1000 (c) K = 10000. Where: c = 1.0; ν = 0.1 V s−1; kf = 106; α = 0.5; ks = 0.1 cm s−1; D = 10−5 
cm2 s−1. 
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The effect of diminishing the solid-state diffusion coefficient D of the counter ion is shown 
in Figure 6.8. Once again a pronounced tailing is observed in the voltammogram, this time 
asymptotically approaching t−½. Since this is absent from the real system it is clear that 
counter ion transport is also rapid.  
 
 
Figure 6.8 – Effect of changing the K+ solid-state diffusion coefficient on a linear voltammetric scan 
(a) D = 10−5 cm2 s−1 (b) D = 10−6 cm2 s−1 (c) D = 10−7 cm2 s−1 (d) D = 10−8 cm2 s−1. Where: c = 1.0; ν 
= 0.1 V s−1; K = 1000; kf = 106 s−1; kb = 103 s; α = 0.5; ks = 0.1 cm s−1. 
 
Finally, as a crosscheck on the analytical theory, it was possible to generate the 
voltammetric responses for different values of α using both DigiSim® and the analytical 
formulae. The results are shown below. 
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Figure 6.9 – A comparison between the voltammetric responses for different values of α using the 
analytical formulae (1) and DigiSim® (2). Where for (1): n = 1.0, A = 10–4 m2, L = 10–5 m, ν = 0.001 
V s−1, [c] = 1.0 mol cm−3, k1 = 10–10 mol2 s−1 cm−5. (a) α = 1.00, (b) α = 0.50, (c) α = 0.25 and for (2) 
(a) α = 0.25 (b) α = 0.50 (c) α = 1.00. Where: c = 1.0; ν = 0.001 V s−1; K = 1000; kf = 106 s−1; kb = 
103 s; ks = 10−6 cm s−1; D = 10−5 cm2 s−1. Both showing only the oxidative scan and assuming E is 
actually the overpotential, η. 
 
6.1.4 Reaction order measurements 
 
So far it has been assumed that 
! 
m = n = 1. Although the assumption 
! 
m =1 is impossible to 
prove, because it is not possible to dilute the concentration of metal hexacyanometallate in 
the film, it is nevertheless possible to prove 
! 
n = 1 by changing the concentration of counter 
ion in solution. 
 
In electrochemistry there are two ways of measuring the reaction order of an interfacial 
reaction. One can measure the vertical displacement of I-E curves at constant potential E, 
or one can measure the horizontal displacements of I-E curves at constant I. In the present 
work it was more convenient to use the latter method due to the finite concentration of 
reactant in the thin film. 
 
The reaction order n is defined as the single partial derivate: 
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! 
n = " log I
" logc
# 
$ 
% 
& 
' 
( 
E =const
 Equation 6.15 
 
However, one can also define the reaction order n (dimensionless) as the product of two 
partial derivatives: 
 
 
! 
n = " log I
"E
# 
$ 
% 
& 
' 
( 
c=const
)
"E
" logc
# 
$ 
% 
& 
' 
( 
I =const
 Equation 6.16 
 
! 
=
1
b
"E
" logc
# 
$ 
% 
& 
' 
( 
I =const
 Equation 6.17 
 
where b is the Tafel slope (mV decade−1). In the latter case one can estimate the value of 
∂E/∂logc from experimental measurements of ∂ΔE/∂logΔc, i.e. from measurements of 
changes in potential of I-E curves as a function of changes in c. Some examples are shown 
in Figure 6.10 and Figure 6.11. 
 
 
Figure 6.10 – Displacement of I-E curves as a function of log (concentration of K+) for Prussian 
Blue. This graph was produced using data taken from Figure 6.1. 
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Figure 6.11 – Displacement of I-E curves as a function of log (concentration of K+) for Ruthenium 
Purple. This graph was produced using data taken from Figure 6.2. (See also Figure 4.14). 
 
To conclude, in both systems the electrode kinetics are first order with respect to the 
concentration of the intercalating potassium ion. 
 
It should also be remarked that numerous authors have reported Nernstian or near-
Nernstian responses for the intercalation of ions into thin-film metal hexacyanometallates 
[9,16-23]. However, practical considerations of ohmic resistance and mass transport control 
limited their measurements to very small ranges of concentration, usually not more than 
one or two orders of magnitude. In the present work these problems were overcome by 
using a random assembly of carbon micro-disk electrodes (RAM™). This allowed data to 
be recorded over more than four orders of magnitude. 
 
6.1.5 Conclusion 
 
What emerges from the high-resolution voltammetry on the RAM™ electrode, and from 
the analytical theory, is that metal hexacyanometallate films respond rapidly with respect 
to electron transfer, mass transfer of counter ions, and equilibration of charge. This 
exceptional combination of features (which is surely connected with the low density and 
cubic face-centred unit cell of the metal hexacyanometallates [24]) makes them strong 
candidates for high switching speed electrochromic devices.  
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6.2 Cyclic resistometry of Prussian Blue and Ruthenium 
Purple 
 
6.2.1 Introduction 
 
The kinetics of redox changes in electrodeposited materials (and their deposition 
processes) is commonly studied by cyclic voltammetry and chronoamperometry. 
Typically, current/potential responses are recorded and then compared with theoretical 
predictions. However, good agreement is rarely, if ever, found [25]. Common sources of 
discrepancy include time-varying diffusion coefficients (caused by local changes in 
concentration and redox state), and time-varying electrical resistances, attributed to 
changes in the structure of the interfacial region (phase transformations) [25]. 
 
In cyclic resistometry the time-dependent resistance of surface films during cyclic 
voltammetry can be measured [25-27]. In essence, the technique inserts brief (microsecond) 
current pulses into the standard voltammetric waveform. From the corresponding voltage 
responses, Ohm’s law is used to compute estimates of resistance. A key feature of the 
technique is that, because the pulses are so brief, they do not perturb the double layer or 
induce faradaic reactions. Thus, by repeating the pulses sixty times per second, it is 
possible to construct resistograms that show how the film resistance varies with applied 
potential.  
 
A full explanation of the cyclic resistometry technique can be found in Chapter 2 – Theory 
and Experiment, section 2.1.3 (Cyclic Resistometry). 
 
Considerable effort was expended when perfecting the experimental setup of this 
technique. Various different working electrode geometries (disk, wire, sheet, mesh and 
rod) at different sizes and different electrode materials (platinum, gold, and carbon) were 
tested. The thickness of the electrode coatings (i.e. Prussian Blue and Ruthenium Purple) 
studied was also varied. This was the most influential experimental parameter, because the 
probing method used by the cyclic resistometer identifies the path of least resistance. Any 
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cracks in the film or direct pathways to the electrodes surface would produce unrealistic 
results. Thicker films also produce bigger resistances (and resistance changes), which are 
easier and more accurate to measure. 
 
Prussian Blue and Ruthenium Purple are candidate materials for electrochromic devices. 
Their general formula is Ax[B(CN)6]y i.e. they are metal hexacyanometallates. In the case 
of Prussian Blue, A = Fe and B = Fe, whereas in the case of Ruthenium Purple A = Fe and 
B = Ru. The redox states for both the metal ions in Prussian Blue can be changed 
electrochemically (in an aqueous electrolyte solution). Whereas, only the redox state of the 
Fe ion in Ruthenium Purple can be changed electrochemically (in an aqueous electrolyte 
solution). Yet, despite a vast literature devoted to their electrochemical properties, very 
few papers describe how the electrical resistance varies with the redox state for thin-films 
[28-33]. Even more surprisingly, there are no reports of how the resistance varies during 
cyclic voltammetry. Indeed, most resistances that have been reported so far are for bulk 
solid samples in one redox state, and these data include unwanted phenomena (such as 
grain boundaries) that are caused by compressing the samples into pellets [34]. 
 
6.2.2 Superexchange and hopping conduction 
 
Kramers [35] introduced the concept of superexchange in 1934 (reviewed and elaborated on, 
in English, by Anderson in 1950 [36]), in his theory of ultra-long range magnetic 
interactions in anti-ferromagnetic oxides. The distance between the transition metal ions 
was too large for direct interactions to occur, and so he realized that counter ions in the 
solid were acting as tunnelling conduits. It wasn’t until 1959 that George and Griffith [37] 
introduced the theory of superexchange into electron transfer processes. 
 
In many electron transfer processes in nature it has been found that electrons do not tunnel 
directly from a donor system D to an acceptor system A, but instead tunnel indirectly 
through a third system B. In a well-known jargon used by physical chemists, the system B 
is referred to as a bridge. (In what follows, it is assumed that the donor state and the 
acceptor state are degenerate (of equal energy). Also, because an electron may occupy an 
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intermediate electronic state in the bridge either off-resonantly or near-resonantly, we 
consider these two cases separately). 
 
Concerning electron transfer via a bridge, the less complex case to consider is the one in 
which the electron transits the bridge off-resonantly. Because of the energy mismatch 
between the donor state and the bridge state, the dwell time of the electron in the bridge is 
so short that nearby nuclei have insufficient time to respond to it. In this case, the bridge 
state is called a virtual state, and the overall electron transfer process occurs by a single, 
concerted, tunnelling process from the donor, through the bridge, and into the acceptor. 
This overall process is called superexchange.  
 
The more complex case to consider is the one in which the electron transits the bridge 
near-resonantly. Because of the close energy match between the donor state and the bridge 
state, the dwell time of the electron in the bridge state may be rather long. This provides 
the opportunity for nuclear motions to occur. If the electron lingers for a long time in the 
bridge state, then nearby nuclei tend to move in response to their presence, causing the 
electron to become bound. Once bound, and provided the donor and acceptor states retain 
their initially matching energies, the probability rises to fifty percent that the electron will 
eventually tunnel out of the bound state and into the acceptor state. This 50/50 process is 
known as hopping. The concept of hopping originated in the work of Pekar [38] on the self-
trapping of slow-moving electrons. 
 
Theoretical analysis indicates that the hopping rate will overtake the superexchange rate 
when the energy mismatch between the donor state and the bridge state is less than ~10kT 
(about 260mV at room temperature). Otherwise, superexchange is more important.  
 
To summarize, in both hopping and superexchange mechanisms, the presence of bridges 
enables tunnelling to take place over distances larger than 2.0 nm. 
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6.2.3 Results and discussion 
 
Prussian Blue and Ruthenium Purple both exhibit crystal structures that consist of 
intersecting sub-lattices of metal ions in different environments. In Prussian Blue, for 
example, the iron ions in the Ax[B(CN)6]y structure may reside in either the A-sites or the 
B-sites. The Fe ions in the A-sites are in a nitrile environment, and have a redox potential 
of ca. +0.9 V vs. Ag/AgCl (3.0 mol dm−3 NaCl), whereas the Fe ions in the B-sites are in a 
cyanide environment, and have a redox potential of ca. +0.2 V vs. Ag/AgCl (3.0 mol dm−3 
NaCl). Similarly, the Ru ions in Ruthenium Purple reside in the B-sites [39].  
 
A cyclic voltammogram and the corresponding cyclic resistogram of Prussian Blue and 
Ruthenium Purple are shown in Figure 6.12 and Figure 6.13 respectively.  
 
 
Figure 6.12 – (1) Cyclic voltammogram of a Prussian Blue film on a platinum electrode (d = 0.6 mm 
and l = 5.0 mm), and (2) the simultaneously recorded cyclic resistogram (both second scan). Scan 
rate 5 mV s–1, initial potential +0.6 V vs. Ag/AgCl (3.0 mol dm−3 NaCl) scanning initially in the 
negative direction. ΔR = R − Rmin. The Prussian Blue potential scan cannot be increased in the 
positive direction more then this as solvent decomposition occurs. 
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Figure 6.13 – (1) Cyclic voltammogram of a Ruthenium Purple film on a platinum electrode (d = 0.6 
mm and l = 5.0 mm), and (2) the simultaneously recorded cyclic resistogram (both first scan). Scan 
rate 5 mV s–1, initial potential +0.6 V vs. Ag/AgCl (3.0 M NaCl) scanning initially in the negative 
direction. ΔR = R − Rmin. 
 
It is clear that local minima in resistance are observed at the 50:50 conversion points of 
both of the Fe2+/Fe3+ couples in each separate sub-lattice. This is consistent with simple 
first-order kinetics of electron transfer between adjacent sites in each sub-lattice. However, 
it is interesting to consider how this electron transfer can take place, because metal atoms 
from the complementary sub-lattice are always in a direct line between the donor and 
acceptor sites. The transferring electron cannot simply hop onto the intervening atom, 
because its redox potential is too high at 700 mV [40]. Since this is approximately twenty 
seven times greater than kT/e, 25.7 mV at 298.15 K, a electron hopping mechanism can be 
excluded. A hopping mechanism can therefore be excluded. Most likely, the electrons are 
transferring by a rapid superexchange mechanism through the orbitals of the 
complementary sub-lattice (see section 6.2.2). As is well known from the crystal structure, 
the d-orbitals of the metal ions in Prussian Blue and Ruthenium Purple are aligned along 
the axes of the cubic unit cell, which is strongly suggestive of such a mechanism [40]. Both 
of these mechanisms are depicted in Figure 6.14.  
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Figure 6.14 – A drawing summarizing two different mechanisms for electron transfer. (1) 
Superexchange; and (2) Hopping. (1) The electron transits rapidly through the bridge state while 
the state is effectively frozen in energy (despite fluctuations due to thermal agitation, kT). The 
bridge states therefore may have a different energy to the initial (donor), or final (acceptor), states. 
However the initial and final states must have the same energy. The bridge state is not visible 
spectroscopically. (2) All the energy states fluctuate up and down as a result of thermal agitation, 
kT. When two adjacent energy levels are at equal energy the electron can hop into the 
neighbouring state. The electron is then trapped in the new state until the same process repeats for 
the next adjacent energy level. Here the bridge state is visible spectroscopically. (N.B. in the 
electron hopping mechanism donor and acceptor energy levels do not have to have the same 
energy). 
 
Superexchange can occur via two mechanisms, electron transfer and hole transfer (which 
moves in the opposite direction to electron transfer). These two mechanisms are 
demonstrated in Figure 6.15. 
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Figure 6.15 – A drawing depicting the two possible methods of superexchange, electronic 
conduction and hole conduction. 
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It has been proposed in the literature that Prussian Blue (and other metal 
hexacyanometallates), conduct electrons via an electron hopping mechanism through both 
sub-lattices [28,40], but this now appears unlikely. From the present work, it is clear that the 
electrons are confined to one sub-lattice or the other, depending on the redox state of the 
system, although they may rapidly tunnel through the complementary sub-lattice when a 
voltage is applied. 
 
A cyclic voltammogram and the corresponding cyclic resistogram of Ruthenium Purple are 
shown in Figure 6.13. Once again, a local minimum in resistance is observed, this time at 
the 50:50 conversion point of the Ru2+/Ru3+ couple in its B sub-lattice. 
 
The (approximately) parabolic shapes for the resistance vs. potential plots, with minima 
occurring at the 50:50 conversion ratios, can be explained by assuming that the metal 
hexacyanometallates are behaving as solid solutions and that the conductance (reciprocal 
resistance) of each sub-lattice is proportional to the concentration. To see how this works, 
consider the case of Prussian Blue. Denoting [Fe3+]A as the concentration of Fe3+ in the A 
sub-lattice, and [Fe2+]A as the concentration of Fe2+ in the A sub-lattice, then 
 
 
  
! 
Conductance =KA Fe3+[ ]A Fe
2+[ ]A  Equation 6.18 
 
where KA is a constant. This equation could equally be expressed in terms of mole 
fractions. 
 
 
! 
Conductance =KA* " x2A " x3A  Equation 6.19 
 
Now, since 
 
 
! 
x2A + x3A =1 Equation 6.20 
 
then 
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! 
Conductance =KA* " x2A " (1# x2A) Equation 6.21 
 
which is a parabolic function of x2A. This is shown in Figure 6.16. 
 
 
Figure 6.16 – A plot of x(1- x) vs. mole fraction x. 
 
Rosseinsky and Monk [41] first proposed a relationship of this type for mixed-valent 
electron-hopping systems, without consideration of sub-lattices or superexchange. The 
results of the cyclic resistometry experiments therefore provide an interesting extension of 
this work. 
 
6.2.4 Conclusion 
 
The time-varying resistance of Prussian Blue and Ruthenium Purple metal 
hexacyanometallate films has been recorded for the first time. Changes in the film’s 
resistance vs. applied potential, cyclic resistometry, were recorded in tandem with cyclic 
voltammetry experiments. Results from the present work, suggest that the metal 
hexacyanometallates consist of two sub-lattices where the electrons are confined to one 
sub-lattice or the other, depending on the redox state of the system, although they may 
rapidly tunnel through the complementary sub-lattice when a voltage is applied via a 
superexchange mechanism. Finally, the results suggest that the resistance of many 
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electrodeposited materials could be probed by cyclic resistometry. The method clearly 
warrants further study. 
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Conclusion 
 
Conclusion 
 
This thesis contains research within field of electrochromism, solving several very 
different challenges that existed. The motivation for this work was to find and improve 
areas within the field of electrochromism that would have a positive impact on the 
discipline. The achievements made can be split into five different categories, with a 
summary of each given in the paragraphs below. 
 
The quantification of colour during electrochromic reactions is a very desirable goal. The 
work contained within this thesis succeeded in developing, and implementing, a virtual 
colorimeter, capable of delivering precise values of luminance and chromaticity 
coordinates from real-time UV-vis absorption spectra in an efficient and cost effective 
way. Proof-of-concept experiments were performed using di-methyl viologen and n-heptyl 
viologen as test compounds and later on used to monitor the colour changes of Ruthenium 
Purple and several electrochromic devices (based in metal hexacyanometallates and 
viologens). It was shown that subtle changes in both hue and luminance could be detected 
in an informative and intuitive way.  
 
It has been shown that Ruthenium Purple films can be successfully deposited stably and 
cycled reversibly, using an electrochemical potential cycling technique. It was found that 
the deposition solution’s composition must be very carefully controlled in-order to produce 
stable and reproducible Ruthenium Purple films. Based on the new deposition technique, 
the electrochemical and electrochromic properties of Ruthenium Purple were analyzed in 
detail. In particular, it was found that both the colour reaction and the cation intercalation 
were kinetically first order. The λmax of Ruthenium Purple is at 550 nm, which disappears 
following a one-electron reduction process. The time constant, τ, for the reduction process 
was found to be 0.517 s, whereas τ for the oxidation from Ruthenium White to Ruthenium 
Purple was 0.271 s. Finally, analyzing the colour trajectory plots for Ruthenium Purple it is 
observed that both the colour change mechanism is a state-function. 
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Results discussed in Chapter 3 – Quantifying colour and Chapter 4 – Ruthenium Purple led 
to the development and construction of a novel colour-reinforcing electrochromic device, 
in which both the anode and cathode simultaneously exhibit comparable colour responses. 
In particular, on colouration, the anode is Ruthenium Purple and the cathode is di-methyl 
viologen. This “two-sided” device provides twice the luminance of a conventional “one-
sided” device. The current, UV-vis and colormetric responses of this device were recorded. 
Considerable effort was directed into the design of the device, where many challengers 
were overcome. In addition to the colour-reinforcing electrochromic device, three other 
novel electrochromic devices were fabricated and their properties characterized. 
 
The redox behaviour of metal hexacyanometallates is an example of thin layer 
electrochemistry. It was recognised early on that voltammograms could be recorded on 
micrometer-thick films without encountering rate limitations from mass transport. 
However, most research focussed on systems of monolayer dimensions. In the present 
work, micrometer thick films were of interest due to the need for high contrast in 
electrochromic devices. A perennial problem in laboratory studies of thin film 
electrochemical systems was the asymmetry of voltammograms, whose origin so far had 
defied analysis. As shown, this can be traced to the irreversibility of the intercalation 
process. Another well-known problem was the distortion of voltammograms caused by 
uncompensated solution resistance, particularly in the case of macroscopic, planar, 
electrodes. This problem was solved by the novel use of arrays of microelectrodes. It was 
also possible to include the concentration of the intercalating ions in the theoretical 
description of the voltammograms. What emerges from the high-resolution voltammetry 
on the RAM™ electrode, and from the analytical theory, is that metal hexacyanometallate 
films respond rapidly with respect to electron transfer, mass transfer of counter ions, and 
equilibration of charge. This exceptional combination of features (which is surely 
connected with the low density and cubic face-centred unit cell of the metal 
hexacyanometallates) makes them strong candidates for high switching speed 
electrochromic devices. 
 
The time-varying resistance of Prussian Blue and Ruthenium Purple metal 
hexacyanometallate films were recorded for the first time. Changes in the film’s resistance 
vs. applied potential, cyclic resistometry, were recorded in tandem with cyclic voltammetry 
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experiments. Results from the present work, suggest that the metal hexacyanometallates 
consist of two sub-lattices where the electrons are confined to one sub-lattice or the other, 
depending on the redox state of the system, although they may rapidly tunnel through the 
complementary sub-lattice when a voltage is applied via a superexchange mechanism.  
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A. Appendix A – Derivation of the colour 
matching functions 
 
At Trinity College Cambridge, on September 18th 1931, a meeting of the Colorimetry 
committee of the International Commission on Illumination (CIE, which comprised of 21 
delegates) decided to create the first set of colorimetric standards (colour matching 
functions). Hunt [1] defined colour matching functions as “functions [such as] 
! 
x , 
! 
y  and 
! 
z  
that represent the amounts of X, Y and Z [tristimulus values] needed to match a constant 
amount of power per small constant-width wavelength” [2]. These functions were to obey 
five resolutions decided upon at the meeting, which are outlined below [2-4]: 
  
First resolution – defining the colour matching functions. Initially independently, both 
Wright [5] and Guild [6] designed experiments, the data from which would allow calculation 
of the colour matching functions. These involved displaying a test colour to an observer, 
who then had to recreate the colour by adjusting three primary coloured light sources 
intensities. These light sources, or spectral primaries, were set at 435.8, 546.1 and 700.0 
nm (picked because they were reproducible to a high level of accuracy in most 
laboratories). The first two lines came from mercury’s excitation spectrum and the latter a 
wavelength in human vision where a light’s hue isn’t perceived to change with wavelength 
[6]. The data from both studies were combined to produce the CIE 1931 RGB data, for a 
standard observer (the chromatic response of a colour to the average human, when viewed 
at a specified angle) [2-3]. 
 
Second resolution – defining standard illuminants and their spectral power distributions. In 
1931 three illuminants were chosen. A gas filled tungsten lamp (operating at 2856 K) 
labelled illuminant A, and the same light source but with various filters attached, labelled 
illuminants B and C [2]. However, C is now more commonly replaced with the daylight 
series, Dx (where x is the relevant daylight temperature). These are calculated from Plancks 
black body radiation equations [7]. 
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Third resolution – defining the conditions for illuminating and viewing a material’s colour. 
It was decided that illuminating an object should be performed at 45°, whilst viewing its 
colour at 0° [2]. 
 
Fourth resolution – defining the CIE reference primaries X, Y and Z. Wright solely decided 
upon this resolution himself. Apparently, hardly anyone present at the meeting understood 
this resolution [2]. However, it was deemed “innocuous enough that it could be adopted 
without discussion” [2]. It primordially involved ensuring that when reporting colorimetric 
specifications, they were always via a trichromatic method i.e. specifically using three 
tristimulus values to quantify a colour. 
 
Fifth resolution – This was more of a summary and included: transformation coefficients 
from RGB to XYZ colour matching functions; chromaticity coordinates at 5 nm intervals 
(in terms of x and y); and a table of the colour matching functions [2].  
 
It is evident from the literature that Guild, Priest and Smith were predominantly 
responsible for calculation of the CIE 1931 colour matching functions [2-4]. However, 
before doing so, they outlined several principles to simplify their formulation, these were: 
 
• Assuming all of Grassmann’s laws were valid [2]. Grassmann’s laws of additivity 
underlie all linear transformations within colorimetry. Grassmann discovered these 
laws in 1853, with some reference to earlier work carried out by Newton [2,8]. There 
are three of Grassmann’s laws that describe the colour-matching properties for 
additive mixtures of colour stimuli, these are [9]: (1) To specify a colour match, 
only three independent variables are required. (2) The additive mixing of colour 
stimuli requires only their tristimulus values, not their spectral data (this means that 
two electrochromic materials, with known chromaticity coordinates, could have 
their theoretical combined colour calculated, thus offering a new approach to 
electrochromic device design). (3) In an additive mixture, if any of the colour 
stimuli are gradually changed; the respective tristimulus value also changes. 
 
• Ratios of the RGB luminance factors at 700.0, 546.1 and 435.8 nm were set at 
1:4.5907:0.0601 [5-6]. The chosen luminance factors emerged from a least-square 
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best fit of the 1924 V(λ) function (a function describing the eye’s sensitivity to 
light’s luminance across the wavelengths). Judd [8] who prepared and put forward 
this proposal (first discovered by Schrödinger) [2], noticed that with careful and 
strategic design, one of the colour matching functions could have a luminance 
coefficient equal to unity and the remaining two to equal zero. This would create a 
primary that behaved exactly as the 1924 V(λ) function. Judd also noticed that the 
two colour matching functions containing no luminance data would fall on the 
alychne (line of zero luminance) [2].  
 
• All real stimuli coordinates must be positive. Real stimuli are the coordinates of 
any stimuli that lie on or within the spectral locus, including the line connecting its 
extremities (sometimes know as the purple line). It was agreed that when 
transforming RGB to XYZ tristimulus values, they should all be positive (and hence 
so would the respective chromaticity coordinates rg and xy). Due to the vast 
amount of data processing, i.e. complex multiplication and summation, any 
negative values would complicate the processes [2]. 
 
• Units of the spectral primaries were chosen so that “chromaticity coordinates of the 
equal-energy spectrum would equal each other” for both the rg and xy systems, 
hence 0.3333 [2]. All of the primaries were normalised for this to be true. 
 
• Reference stimuli chromaticities were chosen so the area occupied by real stimuli 
chromaticities would be the maximum area possible, in the right triangle nearest the 
origin in the unit positive quadrant of Maxwell’s triangle. This triangle is bound at 
its apexes by the primary chromaticities X (1,0), Y (0,1) and Z (0,0). 
 
• The longer wavelengths of the 
! 
z -function (> 660 nm) were set to zero. This meant 
the number of calculations required was reduced. Calculators and computers were 
mechanical and difficult to use at this time. This reduced the amount of 
computation required, without introducing any significant discrepancies [8]. The 
maximum number of zeros was achieved by making x + y = 1 above 660 nm (on 
the spectral locus), as it is after this point the RGB locus becomes linear. 
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The 1931 colour-matching functions were derived through a logical progression that used 
formalism (the conception that pure mathematics is the manipulation of symbols, that 
although meaningless, must be manipulated via certain formal rules). For colorimetry these 
variables are: lights; their superpositions; and their colour matches. The colorimetric 
equation below was initially considered 
 
 
! 
  
! 
Q ˆ = RR ˆ + GG ˆ + BB  Equation A.1 
 
In this equation Q is some light that has an unknown and unneeded spectral power 
distribution. The colour is matched by an amount R, of the primary light R added to an 
amount G, of the primary light G added to an amount B, of primary light B. The quantities 
R, G and B are scalar multipliers (i.e. have magnitude but no direction) of the primary 
lights and as such are the tristimulus values. In Equation A.1 the symbol 
! 
ˆ =  indicates that 
light Q can be represented colorimetrically by the primary lights on the right hand side of 
the equation. The 
! 
ˆ + symbol indicates that the separate primary lights are physically 
superimposed on each other. In summary, the colorimetric equation Equation A.1 states 
that light Q, can be matched colorimetrically by certain quantities of three different 
primary lights that may not share the same spectral properties, but matches in every 
perceptual way [2]. Now take a similar equation, but for a different light S 
  
   
! 
S ˆ = RSR ˆ + GSG ˆ + BSB  Equation A.2 
 
If light Q is added to light S, and assuming Grassmann’s laws apply, Equation A.3 results 
  
   
! 
Q+ S ˆ = (R +RS )R ˆ + (G +GS )G ˆ + (B +BS )B  Equation A.3 
 
By assuming Grassmann’s laws we can now refer to Q and S as colours instead of lights. 
“This is because Grassmann’s Laws tell us that a colour, regardless of its spectral 
composition, added to both sides of colorimetric equation preserves the match” [2]. Like-
terms, such as the tristimulus values R, G and B can be algebraically added. However, 
terms such as the light primaries R, G and B, still require a superposition operation. This 
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equation is the basis for what is now dubbed colorimetric integration [2,7]. The tristimulus 
values at each wavelength are added together in proportion to their relative spectral power 
to produce the tristimulus values for the full spectrum.  
 
The CIE wanted to replace the current RGB system with the new XYZ system as the 
tristimulus values, operating with the primary lights X, Y and Z. The three equations below 
express the relationship between the two different systems 
 
   
! 
X ˆ = a11R ˆ + a21G ˆ + a31B  Equation A.4 
   
! 
Y ˆ = a21R ˆ + a22G ˆ + a32B  Equation A.5 
   
! 
Z ˆ = a13R ˆ + a23G ˆ + a33B  Equation A.6 
 
aij are tristimulus values connecting the two light primaries. Expressing the initial 
colorimetric equation, using the newer notation gives 
 
   
! 
Q ˆ = XX ˆ + YY ˆ + ZZ  Equation A.7 
 
Substituting Equation A.4, Equation A.5 and Equation A.6 into Equation A.7 produces 
 
 
  
! 
Q ˆ = (a11R + a21G + a31B)X ˆ + (a12R + a22G + a32B)Y
ˆ + (a13R + a23G + a33B)Z
 Equation A.8 
 
and rearranges to 
 
 
  
! 
Q ˆ = (a11X + a12Y + a13Z)R ˆ + (a21X + a22Y + a23Z)G
ˆ + (a31X + a32Y + a33Z)B
 Equation A.9 
 
The parenthetical terms in Equation A.9 are equal to the tristimulus values in Equation 
A.1, thus 
 
Advances in electrochromic materials 
 
A-6 
 
! 
R = a11X + a12Y + a13Z  Equation A.10 
 
! 
G = a21X + a22Y + a23Z  Equation A.11 
 
! 
B = a31X + a32Y + a33Z  Equation A.12 
 
These equations now contain no superposition terms, as transformations have occurred 
between the tristimulus values of the primary lights, not the lights themselves. Inverting 
the previous set of equations gives  
 
 
! 
X = b11R + b12B + b13G  Equation A.13 
 
! 
Y = b21R + b22B + b23G  Equation A.14 
 
! 
Z = b31R + b32B + b33G  Equation A.15 
 
and subsequently solving Equation A.10, Equation A.11 and Equation A.12 for R, G and 
B. This allows the values for bij in Equation A.13, Equation A.14 and Equation A.15 to be 
determined.  
 
Three points in the RGB colour space where both the RGB and XYZ tristimulus values are 
needed to reach the solution. Using the RGB colour space and the formulating principles 
listed at the beginning of this section, three points of known chromaticity are calculated, to 
complete the derivation of the colour matching functions. 
 
The RGB primaries were given the luminance coefficients 1:4.5907:0.0601 as mentioned 
in the second principle at the beginning of this section. These coefficients came from a 
least-square fit of the linear combinations made by Judd [8] of 
! 
r ("), 
! 
g ("), 
! 
b (") and 
! 
V (") 
functions. Any light measured in terms of rg chromaticity coordinates would have a 
luminance proportional to Equation A.16, where the coordinates have been normalized to 
unity [2,8]. 
 
 
! 
0.17697r + 0.81240g + 0.01063b = 0  Equation A.16 
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However, b = 1 – r – g, thus Equation A.16 becomes 
 
 
! 
0.16634r +0.80177g +0.01063 = 0 Equation A.17 
 
Equation A.17 now defines the alychne. As the Y primary was chosen to contain the all of 
luminance detail, the X and Z primaries must be located along this line (due to the 
luminance coefficients 0:1:0 for X, Y and Z primaries). This fulfils the first principle from 
resolution one, and also provides the first of three lines (XZ) that connect the primaries [2]. 
 
The second principle stated that all chromaticity coordinates must be positive. Initially it 
was thought that the XY line could replace the RG line (of Maxwell’s triangle). However, 
the 
! 
b (") function is negative at some points across the spectrum. So a function was 
created to compensate for this, and keep the XY line positive. 
 
 
! 
99g = "100(1" r) Equation A.18 
 
This equation provided the second line of the XYZ spectral locus. The intersection of the 
two lines, XY and XZ, is calculated by simultaneously solving Equation A.17 and Equation 
A.18. (rx = 1.2749, gx = −0.2777 and bx = 0.0028). These values are related to the aij values 
in Equation A.10, Equation A.11 and Equation A.12. Calculations continue in this manner 
until all nine values are determined [1-2]. 
 
When calculating the final line, the only restriction was that the line must pass outside of 
the spectral locus, having its most negative r value at 505 nm. The intersection with the 
alychne was chosen as r = −0.743 and the XY intersection as r = 1.74, resulting in 
 
 
! 
2.6268r +0.9970g = "1.8113 Equation A.19 
 
From this equation the remaining values can be calculated (rY = −1.7400, gY = 2.7677, bY 
= −0.0277, rZ = −0.7430, gZ = 0.1408 and bZ = 1.6022). 
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Calculation of the transformation matrix can now be performed. From the above solutions 
the R, G, and B tristimulus values for the X, Y and Z primaries are found, but still subject 
to scaling factors (α, β and γ), introduced by the CIE so that the coordinate (R, G, B) = (X, 
Y, Z) = (1, 1, 1). These are expressed by 
 
   
! 
"X ˆ = 1.2749R ˆ # 0.2777G ˆ + 0.0028B  Equation A.20 
   
! 
"Y ˆ = ˆ # 1.7400R ˆ + 2.7677G ˆ # 0.0277B  Equation A.21 
   
! 
"X ˆ = ˆ # 0.7430R ˆ + 0.1408G ˆ + 1.6022B  Equation A.22 
 
Performing a transpose-inverse operation on the above equations produces 
 
 
! 
X = 0.9088"R + 0.5751"G + 0.3709"B Equation A.23 
 
! 
Y = 0.0912"R + 0.4187"G + 0.0055"B  Equation A.24 
 
! 
Z = 0.0000"R + 0.0062"G + 0.6236"B  Equation A.25 
 
The resulting equations allow calculation of the coefficients bij and the scaling factors α, β, 
and γ e.g. b11 = 0.9088α etc. and 1/α = 0.9088 + 0.5751 + 0.3709 etc. This logic applied 
throughout produces the coefficient matrix 
 
 
! 
0.4900 0.3100 0.2000
0.1769 0.8124 0.0107
0.0000 0.0099 0.9901
 Equation A.26 
 
These were the coefficients published in 1931 by the CIE [1-2,5,8,10].  
 
One final process remains to complete the derivation. At the CIE meeting, it was specified 
that the 
! 
y  must included the V(λ) function exactly, not just an approximation. In order to 
fulfil this criterion the current colour matching functions were scaled by a ratio of the V(λ) 
and 
! 
y 0  functions (calculated from the coefficients). The initial colour-matching functions 
(
! 
x 0 , 
! 
y 0  and 
! 
z 0) are calculated from the coefficients expressed in the Equation A.26 matrix 
via 
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! 
x 0(") =
b11r(") + b12g(") + b13b(")
(b11 + b12 + b13)r(") + (b21 + b22 + b23)g(") + (b31 + b32 + b33)b(")
 Equation A.27 
! 
y 0(") =
b21r(") + b22g(") + b23b(")
(b11 + b12 + b13)r(") + (b21 + b22 + b23)g(") + (b31 + b32 + b33)b(")
 Equation A.28 
! 
z 0(") =
b31r(") + b32g(") + b33b(")
(b11 + b12 + b13)r(") + (b21 + b22 + b23)g(") + (b31 + b32 + b33)b(")
 Equation A.29 
 
The final colour-matching functions are then obtained by solving the above equations and 
applying the scaling ratio, giving 
 
 
! 
x (") = x 0(")V (")y 0(")
 Equation A.30 
 
! 
y (") =V (")  Equation A.31 
 
! 
z (") = z 0(")V (")y 0(")
  Equation A.32 
 
The CIE 1931 2° standard observer colour matching functions are presented in Figure A.1. 
 
 
Figure A.1 – The CIE 1931 2° standard observer colour matching functions, where (a) is 
! 
x , (b) is 
! 
y  and (c) is 
! 
z . This graph was created using values published in Colorimetry., CIE 15:2004 
(2004) which are shown in Table 6.1.  
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Within this appendix the history of colour-matching functions and their derivation, has 
been discussed, in order to demonstrate they are pure mathematical functions. This insight 
inspired the author to create a spreadsheet that could measure the chromaticity coordinates 
of a system to the same level of accuracy as existing (expensive) commercial products. 
Perhaps something already done by colour scientists, but if so, not easily found in the 
literature and certainly not something implemented by electrochromic researchers [1-2]. 
 
Colour matching functions 
 
Table 6.1 – A table of the colour matching functions 
! 
x , 
! 
y , 
! 
z and their corresponding chromaticity 
coordinates x(λ), y(λ) for wavelengths 380-780 nm, at 5 nm intervals. These values were 
reproduced from Colorimetry., CIE 15:2004 (2004). 
λ (nm) 
! 
x (") 
! 
y (") 
! 
z (") x(λ) y(λ) 
380 0.001368 0.000039 0.006450 0.174110 0.004960 
385 0.002236 0.000064 0.010550 0.174010 0.004980 
390 0.004243 0.000120 0.020050 0.173800 0.004920 
395 0.007650 0.000217 0.036210 0.173560 0.004920 
400 0.014310 0.000396 0.067850 0.173340 0.004800 
405 0.023190 0.000640 0.110200 0.173020 0.004780 
410 0.043510 0.001210 0.207400 0.172580 0.004800 
415 0.077630 0.002180 0.371300 0.172090 0.004830 
420 0.134380 0.004000 0.645600 0.171410 0.005100 
425 0.214770 0.007300 1.039050 0.170300 0.005790 
430 0.283900 0.011600 1.385600 0.168880 0.006900 
435 0.328500 0.016840 1.622960 0.166900 0.008560 
440 0.348280 0.023000 1.747060 0.164410 0.010860 
445 0.348060 0.029800 1.782600 0.161100 0.013790 
450 0.336200 0.038000 1.772110 0.156640 0.017700 
455 0.318700 0.048000 1.744100 0.150990 0.022740 
460 0.290800 0.060000 1.669200 0.143960 0.029700 
465 0.251100 0.073900 1.528100 0.135500 0.039880 
470 0.195360 0.090980 1.287640 0.124120 0.057800 
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475 0.142100 0.112600 1.041900 0.109590 0.086840 
480 0.095640 0.139020 0.812950 0.091290 0.132700 
485 0.057950 0.169300 0.616200 0.068710 0.200720 
490 0.032010 0.208020 0.465180 0.045390 0.294980 
495 0.014700 0.258600 0.353300 0.023460 0.412700 
500 0.004900 0.323000 0.272000 0.008170 0.538420 
505 0.002400 0.407300 0.212300 0.003860 0.654820 
510 0.009300 0.503000 0.158200 0.013870 0.750190 
515 0.029100 0.608200 0.111700 0.038850 0.812020 
520 0.063270 0.710000 0.078250 0.074300 0.833800 
525 0.109600 0.793200 0.057250 0.114160 0.826210 
530 0.165500 0.862000 0.042160 0.154720 0.805860 
535 0.225750 0.914850 0.029840 0.192880 0.781630 
540 0.290400 0.954000 0.020300 0.229620 0.754330 
545 0.359700 0.980300 0.013400 0.265780 0.724320 
550 0.433450 0.994950 0.008750 0.301600 0.692310 
555 0.512050 1.000000 0.005750 0.337360 0.658850 
560 0.594500 0.995000 0.003900 0.373100 0.624450 
565 0.678400 0.978600 0.002750 0.408740 0.589610 
570 0.762100 0.952000 0.002100 0.444060 0.554710 
575 0.842500 0.915400 0.001800 0.478770 0.520200 
580 0.916300 0.870000 0.001650 0.512490 0.486590 
585 0.978600 0.816300 0.001400 0.544790 0.454430 
590 1.026300 0.757000 0.001100 0.575150 0.424230 
595 1.056700 0.694900 0.001000 0.602930 0.396500 
600 1.062200 0.631000 0.000800 0.627040 0.372490 
605 1.045600 0.566800 0.000600 0.648230 0.351390 
610 1.002600 0.503000 0.000340 0.665760 0.334010 
615 0.938400 0.441200 0.000240 0.680080 0.319750 
620 0.854450 0.381000 0.000190 0.691500 0.308340 
625 0.751400 0.321000 0.000100 0.700610 0.299300 
630 0.642400 0.265000 0.000050 0.707920 0.292030 
635 0.541900 0.217000 0.000030 0.714030 0.285930 
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640 0.447900 0.175000 0.000020 0.719030 0.280930 
645 0.360800 0.138200 0.000010 0.723030 0.276950 
650 0.283500 0.107000 0.000000 0.725990 0.274010 
655 0.218700 0.081600 0.000000 0.728270 0.271730 
660 0.164900 0.061000 0.000000 0.729970 0.270030 
665 0.121200 0.044580 0.000000 0.731090 0.268910 
670 0.087400 0.032000 0.000000 0.731990 0.268010 
675 0.063600 0.023200 0.000000 0.732720 0.267280 
680 0.046770 0.017000 0.000000 0.733420 0.266580 
685 0.032900 0.011920 0.000000 0.734050 0.265950 
690 0.022700 0.008210 0.000000 0.734390 0.265610 
695 0.015840 0.005723 0.000000 0.734590 0.265410 
700 0.011359 0.004102 0.000000 0.734690 0.265310 
705 0.008111 0.002929 0.000000 0.734690 0.265310 
710 0.005790 0.002091 0.000000 0.734690 0.265310 
715 0.004109 0.001484 0.000000 0.734690 0.265310 
720 0.002899 0.001047 0.000000 0.734690 0.265310 
725 0.002049 0.000740 0.000000 0.734690 0.265310 
730 0.001440 0.000520 0.000000 0.734690 0.265310 
735 0.001000 0.000361 0.000000 0.734690 0.265310 
740 0.000690 0.000249 0.000000 0.734690 0.265310 
745 0.000476 0.000172 0.000000 0.734690 0.265310 
750 0.000332 0.000120 0.000000 0.734690 0.265310 
755 0.000235 0.000085 0.000000 0.734690 0.265310 
760 0.000166 0.000060 0.000000 0.734690 0.265310 
765 0.000117 0.000042 0.000000 0.734690 0.265310 
770 0.000083 0.000030 0.000000 0.734690 0.265310 
775 0.000059 0.000021 0.000000 0.734690 0.265310 
780 0.000042 0.000015 0.000000 0.734690 0.265310 
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B. Appendix B – Ruthenium Purple extended 
 
Cyclic voltammetry of electroactive reagents 
 
When electrodepositing Ruthenium Purple films using the method published by Cataldi et 
al. [1], it was found that results were irreproducible “in our hands”. In order to ascertain 
why, the electroactive reagents used in the deposition solution/colloidal suspension were 
first examined using cyclic voltammetry. The findings are shown in Figure B.1 and Figure 
B.2. 
 
 
Figure B.1 – Voltammetry of potassium hexacyanoruthenate(II) (0.5 mmol dm−3) in an aqueous 
solution containing potassium chloride (40.0 mmol dm−3) at pH 2.0 (adjusted using hydrochloric 
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acid). Various working electrode materials were studied: (1) platinum (1.6 mm diameter); (2) gold 
(1.6 mm diameter); (3) carbon (3.0 mm diameter); and (4) RAM™ (five hundred carbon micro 
disks, each of 7 µm diameter, arranged in parallel) working electrodes. Cyclic voltammetry was 
performed using a platinum gauze counter electrode and Ag/AgCl (3.0 mol dm−3 NaCl) reference 
electrode in every case. Voltammograms were recorded by cycling the potentials from 0.0 V → 1.0 
V → 0.0V at the following scan rates 5, 20, 50, 100 and 200 mV s−1. 
 
It is shown in Figure B.1 that the Ru2+/3+ redox couple in potassium hexacyanoruthenate is 
reversible on platinum and carbon, but not on gold.  
 
 
Figure B.2 – Voltammetry of iron(III) chloride (0.5 mmol dm−3) in an aqueous solution containing 
potassium chloride (40.0 mmol dm−3) at pH 2.0 (adjusted using hydrochloric acid). Various working 
electrode materials were studied: (1) platinum (1.6 mm diameter); (2) gold (1.6 mm diameter); (3) 
carbon (3.0 mm diameter); and (4) RAM™ (five hundred carbon micro disks, each of 7 µm 
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diameter, arranged in parallel) working electrodes. Cyclic voltammetry was performed using a 
platinum gauze counter electrode and Ag/AgCl (3.0 mol dm−3 NaCl) reference electrode in every 
case. Voltammograms were recorded by cycling the potentials from 1.0 V → 0.0 V → 1.0V at the 
following scan rates 5, 20, 50, 100 and 200 mV s−1. 
 
It is shown in Figure B.2 that the Fe2+/3+ redox couple in iron chloride is fully reversible 
only on platinum.  
 
An interesting observation is that the reversible potential for the Ru2+/3+ redox couple 
occurs at approximately the same potential as the sometimes observed unexplainable peak 
(see Chapter 4 – Ruthenium Purple, Figure 4.2) occurs whilst attempting the Ruthenium 
Purple deposition outlined by Cataldi et al. [1]. This supports the hypothesis that the peak is 
a result of reaching an electrode potential positive enough to oxidize Ru2+ to Ru3+ in the 
hexacyanoruthenate(II) complex . This then undergos a number of irreversible chemical 
reactions, e.g. a dimerization, oxidation, and polymerization, which results in poor film 
deposition [2-5]. 
 
Derivation of critical coagulation parameters 
 
The derivation of xcrit. and the Schultz-Hardy rule approximation are shown below. 
 
xcrit. is found by 
 
 
! 
"G = k1x e
(#k2x ) #
k3
x 2  Equation B.1 
 
! 
d"G
dx = #
k1
x 2 e
(#k2x ) #
k1k2
x e
(#k2x ) +
2k3
x 3  Equation B.2 
 
! 
= e("k2x ) " k1x 2 "
k1k2
x
# 
$ 
% 
& 
' 
( +
2k3
x 3  Equation B.3 
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Let condition I be 
 
 
! 
d"G
dx = e
(#k2x ) #
k1
x 2 #
k1k2
x
$ 
% 
& 
' 
( 
) +
2k3
x 3 = 0  Equation B.4 
 
and condition II be 
 
 
! 
"G = k1x e
(#k2x ) #
k3
x 2 = 0  Equation B.5 
 
multiplying condition II by 2/x 
 
 
! 
2"G
x =
2k1
x 2 exp
(#k2x )#
2k3
x 3 = 0  Equation B.6 
adding together conditions I and II gives 
 
 
! 
"k1
x 2 "
k1k2
x +
2k1
x 2
# 
$ 
% 
& 
' 
( e("k2x ) = 0  Equation B.7 
 
! 
e "k2 x( ) can be removed as its value becomes irrelevant when equally zero. 
 
 
! 
k1
x 2 +
k1k2
x
" 
# 
$ 
% 
& 
' = 0  Equation B.8 
 
! 
k1 " k1k2x = 0  Equation B.9 
 
! 
1" k2x = 0  Equation B.10 
 
! 
xcrit. =
1
k2
 Equation B.11 
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Schultz-Hardy rule approximation is found via the following 
 
 
! 
"G = k1x e
(#k2x ) #
k3
x 2 = 0  Equation B.12 
 
if 
 
 
! 
xcrit. =
1
k2
, "G = k1k2e
#
k2
k2
$ 
% 
& 
' 
( 
) 
# k3 k2( )
2
= 0 Equation B.13 
 
! 
k1k2e "1( ) " k3 k2( )
2
= 0 Equation B.14 
 
! 
e "1( ) " k3 k2( )
2
k1k2
= 0 Equation B.15 
 
! 
e "1( ) " k3k2k1
= 0  Equation B.16 
 
! 
e "1( ) = k3k2k1
 Equation B.17 
 
! 
1
e "1( ) =
k1
k2k3
 Equation B.18 
 
! 
e 1( ) = k1k2k3
at xcrit. Equation B.19 
 
! 
k2 =
k1
k3
e "1( ) =# = 2e
2z2ni0
$ 0$ rkBT
% 
& 
' 
( 
) 
* 
1
2
 Equation B.20 
 
! 
k12
k22
e "2( ) = 2e
2z2ni0
#0#rkBT
$ 
% 
& 
' 
( 
)  Equation B.21 
 
! 
ni0( )crit. =
"0"rkBT
2e2 #
1
z2 #
k12
k22
e $2( )  Equation B.22 
 
! 
ni0( )crit. "
1
z2 #
k12
k22
 Equation B.23 
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Ruthenium Purple deposition 
 
The electrochemical deposition and scan rate dependence of Ruthenium Purple onto 
platinum, gold, and glassy carbon is shown in Figure B.3, Figure B.4, and Figure B.5 
below. 
 
 
Figure B.3 – Ruthenium Purple electrodeposition and scan rate studies on a platinum disk 
electrode (A = 0.018 cm2). (1) Electrodeposition of Ruthenium Purple (only every fifth scan shown), 
from an aqueous solution/colloidal suspension containing potassium hexacyanoruthenate(II) (0.5 
mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 mmol dm−3); and 
ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The potential was held at 
+0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 50 
times at 50 mVs−1. (2) Cycling of the Ruthenium Purple electrodeposit in an aqueous solution of 
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potassium chloride (40 mmol dm−3) at various scan rates (a) 1 mV s−1 (b) 2 mV s−1 (c) 5 mV s−1. (3) 
Cathodic peak current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. (4) Anodic peak 
current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. 
 
 
 
Figure B.4 – Ruthenium Purple electrodeposition and scan rate studies on a gold disk electrode (A 
= 0.018 cm2). (1) Electrodeposition of Ruthenium Purple (only every fifth scan shown), from an 
aqueous solution/colloidal suspension containing potassium hexacyanoruthenate(II) (0.5 mmol 
dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 mmol dm−3); and ruthenium(III) 
chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The potential was held at +0.6 V for 5 s 
and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 50 times at 50 
mVs−1. (2) Cycling of the Ruthenium Purple electrodeposit in an aqueous solution of potassium 
chloride (40 mmol dm−3) at various scan rates (a) 1 mV s−1 (b) 2 mV s−1 (c) 5 mV s−1. (3) Cathodic 
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peak current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. (4) Anodic peak current vs. 
scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. 
 
 
Figure B.5 – Ruthenium Purple electrodeposition and scan rate studies on a glassy carbon disk 
electrode (A = 0.071 cm2). (1) Electrodeposition of Ruthenium Purple (only every fifth scan shown), 
from an aqueous solution/colloidal suspension containing potassium hexacyanoruthenate(II) (0.5 
mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 mmol dm−3); and 
ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The potential was held at 
+0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 mol dm−3 NaCl), 50 
times at 50 mVs−1. (2) Cycling of the Ruthenium Purple electrodeposit in an aqueous solution of 
potassium chloride (40 mmol dm−3) at various scan rates (a) 1 mV s−1 (b) 2 mV s−1 (c) 5 mV s−1. (3) 
Cathodic peak current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. (4) Anodic peak 
current vs. scan rate for 1, 2, 5, 10, 20, 50, 100 and 200 mV s−1. 
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Ruthenium Purple electrolyte effects 
 
The effect of Group I cations on the voltammetric responses of Ruthenium Purple films 
was explored. The results for lithium chloride, rubidium chloride and caesium chloride are 
shown below. 
 
 
Figure B.6 – (1) Voltammetry of Ruthenium Purple in an aqueous solution of lithium chloride (40 
mmol dm−3), and (2) the same electrode transferred into an aqueous solution of potassium chloride 
(40 mmol dm−3). The Ruthenium Purple coated electrode was cycled between +0.6 V → −0.2 V → 
+0.6 V, 4 times at a scan rate of 20 mV s−1. Ruthenium Purple was electrodeposited onto a RAM™ 
electrode (five hundred carbon micro disks, each of 7 µm diameter, arranged in parallel), by 
electrodeposition from an aqueous solution/colloidal suspension containing potassium 
hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 
mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The 
potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 
mol dm−3 NaCl), 8 times at 50 mVs−1.  
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Figure B.7 – (1) Voltammetry of Ruthenium Purple in an aqueous solution of rubidium chloride (40 
mmol dm−3), and (2) the same electrode transferred into an aqueous solution of potassium chloride 
(40 mmol dm−3). The Ruthenium Purple coated electrode was cycled between +0.6 V → −0.2 V → 
+0.6 V, 4 times at a scan rate of 20 mV s−1. Ruthenium Purple was electrodeposited onto a RAM™ 
electrode (five hundred carbon micro disks, each of 7 µm diameter, arranged in parallel), by 
electrodeposition from an aqueous solution/colloidal suspension containing potassium 
hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 
mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The 
potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 
mol dm−3 NaCl), 8 times at 50 mVs−1.  
 
 
Figure B.8 – (1) Voltammetry of Ruthenium Purple in an aqueous solution of caesium chloride (40 
mmol dm−3), and (2) the same electrode transferred into an aqueous solution of potassium chloride 
Advances in electrochromic materials 
 
B-11 
(40 mmol dm−3). The Ruthenium Purple coated electrode was cycled between +0.6 V → −0.2 V → 
+0.6 V, 4 times at a scan rate of 20 mV s−1. Ruthenium Purple was electrodeposited onto a RAM™ 
electrode (five hundred carbon micro disks, each of 7 µm diameter, arranged in parallel), by 
electrodeposition from an aqueous solution/colloidal suspension containing potassium 
hexacyanoruthenate(II) (0.5 mmol dm−3); iron(III) chloride (0.5 mmol dm−3); potassium chloride (35 
mmol dm−3); and ruthenium(III) chloride (20 µmol dm−3) set at pH 2 with hydrochloric acid. The 
potential was held at +0.6 V for 5 s and then cycled, +0.6 V → −0.2 V → +0.6 V (vs. Ag/AgCl in 3.0 
mol dm−3 NaCl), 8 times at 50 mVs−1.  
 
Time constant theory 
 
The difficulties of comparing the response times of electrochromic materials in the 
literature are well known [6]. These include poor, if any, consistency with either the method 
of calculation or the point at which the measurement is made e.g. fraction of colour/charge 
passed. However, theories that describe the rates of reaction for chemical systems are well 
understood.  
 
Rates of any system are governed by differential equations, and for first order reactions the 
core model functions are independent. More complex behaviour is possible through 
diffusion, cooperative behaviour etc. but these are not focussed on here. For a first order 
reaction the rate equation is 
 
 
! 
"
d A[ ]
dt = k A[ ]  Equation B.24 
 
which can be solved to give the more recognisable rate equation 
 
 
! 
A[ ] = A[ ]0 exp("kt ) Equation B.25 
Advances in electrochromic materials 
 
B-12 
where [A] is the concentration of species A (mol dm−3); t is the time (s); [A]0 is the 
concentration of species A at t = 0 (mol dm−3); and k is the rate constant (s−1). The rate 
constant is related the time constant, τ (s), by 
 
 
! 
" =
1
k  Equation B.26 
 
The time constant characterizes the rise-time for a time-varying input of a first order 
reaction. From here it is possible to use the time constant to calculate the half-life (t½), this 
is demonstrated in the following derivation 
 
 
! 
A[ ] = A[ ]0 exp("kt ) Equation B.27 
 
! 
A[ ]
A[ ]0
= exp "
t
#
$ 
% 
& 
' 
( 
) 
 Equation B.28 
 
! 
ln A[ ]A[ ]0
= "
t
#
 Equation B.29 
 
! 
" # ln A[ ]A[ ]0
$ 
% 
& 
' 
( 
) = *t  Equation B.30 
 
! 
" # ln A[ ]0A[ ]
$ 
% 
& 
' 
( 
) = t  Equation B.31 
 
By choosing the correct ratio values for [A]0/[A], it is possible to calculate the time taken to 
reach any stage in the reaction process (e.g. t0.95). [A]0 is always equal to 1, and [A] is the 
fractional amount of the reactions progress (e.g. 0.5 for t½).  
 
As previously mentioned this is for first order reactions schemes. Interfacial 
electrochemistry can have a huge number of reaction mechanisms. However, it is a 
reasonable assumption to make that a system has first order kinetics, which can be 
confirmed by a linear plot of ln[A] vs. t. If exponential behaviour is not seen then a system 
is likely to be under diffusion control (or other reaction orders). This is bad news for an 
electrochromic material as diffusion control exhibits t−½ behaviour instead of e−kt. 
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Exponential behaviour converges to its limit much faster than t−½ behaviour, thus having 
faster, so more desirable switching times [7]. 
 
Colour trajectory plot data for Ruthenium Purple 
 
Numerical data for Ruthenium Purple colour trajectories. 
 
Table 6.2 – Numerical chromaticity coordinates for the electrochemical reduction and re-oxidation 
of a Ruthenium Purple thin-film, at an ITO glass electrode, in an aqueous solution containing 
potassium chloride (40 mmol dm−3). Data obtained using the virtual colorimeter, were data was 
calculated using the spectral power density of a D55 illuminant source. 
E (V) vs Ag/AgCl x y %YL L* a* b* 
0.60 0.295 0.246 32.32 64 27 -36 
0.58 0.295 0.246 32.33 64 27 -36 
0.56 0.295 0.247 32.34 64 26 -36 
0.54 0.295 0.247 32.39 64 26 -36 
0.52 0.296 0.247 32.50 64 27 -36 
0.50 0.296 0.248 32.57 64 26 -35 
0.48 0.297 0.248 32.64 64 27 -35 
0.46 0.297 0.248 32.75 64 27 -35 
0.44 0.297 0.248 32.75 64 27 -35 
0.42 0.298 0.249 32.84 64 27 -35 
0.40 0.298 0.249 32.97 64 27 -35 
0.38 0.299 0.250 33.21 64 27 -35 
0.36 0.299 0.250 33.36 65 27 -35 
0.34 0.300 0.251 33.52 65 27 -34 
0.32 0.300 0.252 33.79 65 26 -34 
0.30 0.301 0.252 34.15 65 27 -34 
0.28 0.301 0.254 34.58 66 26 -34 
0.26 0.302 0.255 35.20 67 26 -33 
0.24 0.302 0.257 36.08 67 26 -33 
0.22 0.302 0.26 37.29 69 24 -32 
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0.20 0.303 0.263 38.99 70 24 -32 
0.18 0.303 0.268 41.39 73 22 -31 
0.16 0.303 0.276 44.99 77 19 -29 
0.14 0.303 0.287 51.04 82 14 -26 
0.12 0.306 0.303 59.94 88 8 -21 
0.10 0.316 0.323 72.96 93 3 -12 
0.08 0.323 0.335 82.45 95 1 -6 
0.06 0.326 0.339 86.52 96 1 -4 
0.04 0.328 0.341 89.21 96 1 -3 
0.02 0.329 0.342 91.05 97 1 -3 
0.00 0.330 0.343 92.69 98 1 -2 
-0.02 0.331 0.344 93.88 98 1 -1 
-0.04 0.331 0.345 95.01 98 0 -1 
-0.06 0.331 0.345 95.98 99 0 -1 
-0.08 0.332 0.346 96.87 99 0 0 
-0.10 0.332 0.346 97.67 99 0 0 
-0.12 0.332 0.347 98.30 99 0 0 
-0.14 0.332 0.347 98.69 100 0 0 
-0.16 0.332 0.347 99.21 100 0 0 
-0.18 0.332 0.347 99.80 100 0 0 
-0.20 0.332 0.347 100.00 100 0 0 
-0.18 0.332 0.347 100.00 100 0 0 
-0.16 0.332 0.347 99.89 100 0 0 
-0.14 0.332 0.347 99.85 100 0 0 
-0.12 0.333 0.347 99.53 100 0 0 
-0.10 0.333 0.347 99.07 99 0 0 
-0.08 0.333 0.347 98.37 99 0 0 
-0.06 0.333 0.346 97.16 98 1 0 
-0.04 0.333 0.345 95.49 97 1 -1 
-0.02 0.332 0.344 93.02 96 1 -1 
0.00 0.330 0.341 89.90 94 2 -3 
0.02 0.327 0.338 85.51 92 2 -4 
0.04 0.323 0.332 80.35 89 3 -7 
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0.06 0.319 0.325 74.30 86 4 -10 
0.08 0.314 0.316 67.26 82 5 -14 
0.10 0.309 0.305 59.54 77 8 -18 
0.12 0.304 0.292 52.00 73 11 -22 
0.14 0.301 0.278 44.65 68 15 -26 
0.16 0.299 0.265 38.43 65 20 -30 
0.18 0.299 0.256 34.62 64 24 -32 
0.20 0.298 0.252 33.13 64 25 -34 
0.22 0.298 0.251 32.59 64 26 -34 
0.24 0.298 0.250 32.24 63 26 -34 
0.26 0.297 0.250 32.07 63 26 -34 
0.28 0.297 0.250 31.95 63 26 -34 
0.30 0.297 0.249 31.87 63 26 -35 
0.32 0.297 0.249 31.86 63 26 -35 
0.34 0.297 0.249 31.79 63 26 -35 
0.36 0.296 0.249 31.66 63 26 -35 
0.38 0.296 0.249 31.61 63 26 -35 
0.40 0.296 0.249 31.57 63 26 -35 
0.42 0.296 0.249 31.40 63 26 -35 
0.44 0.296 0.248 31.39 63 26 -35 
0.46 0.296 0.248 31.38 63 26 -35 
0.48 0.296 0.247 31.49 63 26 -35 
0.50 0.296 0.247 31.43 63 26 -35 
0.52 0.296 0.247 31.32 63 26 -35 
0.54 0.295 0.246 31.31 64 27 -36 
0.56 0.295 0.246 31.29 64 27 -36 
0.58 0.295 0.247 31.28 64 26 -36 
0.60 0.295 0.247 31.28 64 26 -36 
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C. Appendix C – Postgraduate training 
program 
 
Chemistry Department Activities 
 
Postgraduate Physical and Analytical Chemistry safety representative 
ChemSoc Officer – Royal Society Chemistry representative 
Undergraduate laboratory demonstrator (2nd/3rd year modules) 
Undergraduate student mentor 
Prospective student campus tour guide 
Demonstrator for local schools ‘Chemistry Awareness’ program 
Joint principal organiser of MEG 2008 (Midlands Electrochemistry Group) conference 
held on 9th April 2008 at Loughborough University 
 
Professional Development 
 
Warden and Subwarden Training day (09/2006) 
Warden and Subwarden training – Health and safety roles and responsibilities (09/2006) 
Postgraduate research students induction (10/2006) 
Warden and Subwarden training – Drugs and alcohol awareness (12/2006) 
Teaching skills for postgraduates and research assistants with supervising with supervising 
activities. Part A (02/2007). Part B (03/2007). Part C (03/2007) 
Plagiarism, citation and managing your references (03/2007) 
Keeping your research up-to-date (03/2007) 
The enterprising researcher (11/2007) 
Conference planning and organisation (02/2008) 
Grammar, punctuation and proof reading (04/2008) 
Creative thinking (11/2008) 
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Other activities 
 
Elected onto the Royal Society of Chemistry “Science, education and industry board” 
(06/2010-present) 
East Midlands Royal Society of Chemistry younger members officer (2008-present) 
First aid at work course (04/2008) 
Teaching assistant for “Spectroscopy in a suitcase”, a Royal Society of Chemistry funded 
outreach program collaboration with Leicester University (09/2006-present) 
Teaching assistant for “Chemistry for the next generation – Grätzel cell workshop”, a 
Royal Society of Chemistry funded outreach program in collaboration with Loughborough 
University (09/2006-present) 
Loughborough University ambassador – Appearing in undergraduate and postgraduate 
prospectus, Chemistry World and the departmental video. 
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D. Appendix D – Conferences, lectures and 
meetings 
 
Conferences 
 
MEG 2007 (Midlands Electrochemistry Group), Birmingham University April 2007 
MEG 2008 (Midlands Electrochemistry Group), Loughborough University April 2008 
2nd EUChemMS, Turin (Italy), September 2008 
MEG 2009 (Midlands Electrochemistry Group), Nottingham University April 2009 
The 14th Desty memorial lectures for innovation, Royal Institution, (London) October 2009 
MEG 2010 (Midlands Electrochemistry Group), Leicester University April 2010 
60th Lindau Meeting of the Nobel Laureates, Lindau (Germany), June 2010 (Nominated to 
attend as 1 of only 650 worldwide young researchers) 
 
Lectures 
 
Griess lecture (11/2007) – Dr. Jonathan Nitschke (University of Cambridge) on “Self-
organization by selection: generation of a metallosupramolecular grid architecture by 
selection of components in a dynamic library of ligands”. 
Nyholm lecture (04/2008) – Prof. Guy Orpen (Bristol University) on “Putting structural 
systematics to work in chemistry”. 
Hugo Muller lecture (05/2008) – Prof. Mark Weller (Southampton University) on “Seeing 
inspiration in nature’s laboratory”. 
Guest lecture (08/2008) − Prof. Muhammad Mazhar (Quaid-i-Azam University, 
Islamabad, Pakistan) on “Molecular Designing of Precursors for Chemical Vapour 
Deposition of Ceramic Materials.” 
Guest lecture (03/2009) − Dr. Nick Greeves (University of Liverpool) “Organic reaction 
mechanisms – Live and in 3D.” 
Sir Nevill Mott lecture (03/2009) – Prof. Sir Roger Penrose (Oxford University) “Gravity 
and the Foundations of Quantum Mechanics.” 
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Sir Nevill Mott lecture (03/2010) – Prof. Brian Josephson (Cambridge University) “Which 
way for Physics?” 
RSC Centenary Lectureship (05/2010) – Prof. Michel Che (Université Pierre et Marie 
Curie) “Reactivity of surfaces and heterogeneous catalysis.” 
 
Meetings 
 
RSC mixer meeting, Nottingham Hilton (04/2008)  
RSC “Golden ticket event”, Careers for Chemists by Caroline Tolond, Nottingham Hilton 
(04/2008) 
RSC Kegworth Annual Members Meeting, Whitehouse Hotel, Kegworth with guest 
speaker Dr Anthony Hubbard (09/2008) 
RSC General Assembly, Birmingham Hilton (11/2008) 
RSC Younger Member Forum, Burlington House (01/2009) 
RSC Younger Member Forum, Burlington House (07/2009) 
RSC invited guest to “Summer Exhibition 2009” at Royal Academy of Arts (07/2009) 
RSC Kegworth Annual Members Meeting, Whitehouse Hotel, Kegworth with guest 
speaker Prof. Saffa Riffat (09/2009) 
Loughborough Postgraduate Symposium, Loughborough University (11/2009) 
RSC Younger Member Forum, Burlington House (02/2010)  
East Midlands RSC Annual General Meeting, National Space Centre (03/2010)  
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E. Appendix E – Conference presentations 
 
Research presented at conferences, such as abstracts and posters, is shown below. 
 
2nd EUCheMS, Turino (Italy). 16th-20th September 2008 
 
‘The stability of Prussian Blue on various Electrode Materials’ 
T. S. Varley and R. J. Mortimer 
Presented in the poster session VI.2 Nanomaterials symposium. Poster/abstract number P-
121. 
 
‘The use of Random Assemblies of Microelectrodes (RAM™) to study electrochromic 
materials and their properties: alkyl viologens (methyl-nonyl)’ 
T. S. Varley, S. Fletcher and R. J. Mortimer 
Presented in the poster session VI.2 Nanomaterials symposium. Poster/abstract number P-
122. 
 
MEG 09, Nottingham (England). 1st April 2009 
 
‘Cyclic resistometry of Prussian Blue and Ruthenium Purple’ 
T. S. Varley, S. Fletcher and R. J. Mortimer 
Presented in the poster session. 
 
MEG 10, Leicester (England). 19st April 2010 
 
‘Voltammetry of Prussian Blue’ 
T. S. Varley, S. Fletcher and R. J. Mortimer 
Presented in the poster session. 
 
